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Preface
The word “colloid” was first coined by Thomas Graham in 1861 who borrowed the
word from the Greek word “kolla”meaning glue-like. Colloidal particles possess char-
acteristic properties between those of true solution (with molecules that can diffuse
through membranes) and suspensions that can sometimes be easily observed by the
naked eye. The best definition of colloids is perhaps “systems in which a significant
proportion of the molecules lie in or are associated with interfacial regions”. Simple
considerations suggest that the lowest limit for colloids (whereby one can distinguish
between molecules in the interfacial region and the bulk) is 1 nm. The upper limit for
colloidal dispersions lies in the region of 1000nm (1 µm), whereby a significant pro-
portion of the total molecules lie at the interface. An important class of colloids are
produced by self-assembly of surfactants that form micelles with dimensions in the
colloid range.

In all disperse systems such as suspensions, emulsions, foams, etc., the structure
of the interfacial region determines its colloidal properties. For convenience, I will list
the topics of colloid and interface science under twomain headings: disperse systems
and interfacial phenomena. This subdivision does not imply any separation for the
following reasons: All disperse systems involve an interface andmany interfacial phe-
nomena are precursors for formation of disperse systems, e.g. nucleation and growth,
emulsification, etc. The main objectives of Volume 1 of the present handbook is to
cover the following topics: The basic principles that are involved in interfacial phe-
nomena as well as the formation of colloidal dispersions and their stabilization, sur-
factants and polymer adsorption at various interfaces The colloid stability/instability
of any disperse system is determined by the property of the interfacial region. In actual
fact, colloid and interface science are one individual subject.

The field of colloid and interface science has no boundary since chemists, physi-
cists, engineers, biologists, mathematicians can all be engaged in the field. For suc-
cessful applications in industry, multidisciplinary teams are required. Understanding
the basic principles of colloid and interface science will enable industry to develop
many complex systems in a shorter period of time. Most colloidal systems used in in-
dustry are multiphase and complex formulations. They may contain more than one
disperse phase, e.g. suspension/emulsion systems (suspoemulsions).

Chapter 2 dealswith origin of charge in colloidal systems and structure of the elec-
trical double layer. A great variety of processes occur to produce a surface charge, e.g.
surface ions that have such a high affinity to the surface of the particles that they may
be taken as part of the surface, isomorphic substitution which occurs in clay min-
erals, specific adsorption of ions that have non-electrostatic affinity to the surface,
e.g. bivalent cations on oxides, cationic and anionic surfactants on most surfaces can
also produce a surface charge. Chapter 2 also deals with the structure of the electri-
cal double layer, namely the diffuse double layer due to Gouy and Chapman and its
modification by Stern and Graham who considered the role of specifically adsorbed

https://doi.org/10.1515/9783110540895-001
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vi | Preface

ions near the surface. The most common methods for investigating double layers in
disperse systems are described to obtain the surface charge as a function of surface
potential at different electrolyte concentrations and types.

Chapter 3 deals with electrokinetic phenomena and the concept of zeta potential.
Electrokinetic effects arise when one of the two phases is caused to move tangentially
past the second phase. The tangential motion can be caused by an electric field, forc-
ing a liquid into a capillary, forcing a liquid into a plug of particles or by a gravitational
field on the particles. This leads to four different types of electrokinetic phenomena,
namely electrophoresis, electro-osmosis, streaming potential and sedimentation po-
tential. In this chapter, only electrophoresis will be discussed since this is the most
commonly usedmethod for dispersions, allowing one tomeasure the particlemobility
which can be converted to the zeta potential using theoretical treatments. The various
theoretical treatments that can be applied to convert particle mobility to zeta poten-
tial are described. This is followed by a section on themethods that can be applied for
measurement of particle mobility and zeta potential for various colloidal systems.

Chapter 4 describes the double layer repulsion between colloidal particles. The
origin of electrostatic interactions is due to the double layer overlap that occurs when
the surface-to-surface distance becomes smaller than twice the double layer thick-
ness. One of the most important features of double layers is their strong dependence
on the concentration of indifferent electrolytes. An increase in electrolyte concentra-
tion causes a reduction in the diffuse double layer potential and compression of the
double layer, i.e. reduction of the Debye length. Both of these effects affect the col-
loid stability of lyophobic colloids. The theoretical analysis of interaction between
particles containing double layers is described for the case of constant potential and
constant charge. The effect of increasing electrolyte concentration, valency of counter-
ions and Stern potential is described at a fundamental level.

Chapter 5 deals with van der Waals attraction between colloidal particles. The in-
teraction between two particles can in general be considered in terms of the potential
energy or the work required to separate them from a centre-to-centre distance r to
some large distance apart. There are generally two approaches for describing the van
der Waals attraction between macroscopic bodies such as colloidal particles, emul-
sion droplets, etc. The first approach considers the London–van der Waals attraction
to be the sum of the forces acting between isolatedmolecules. This approach, referred
to as the microscopic approach, was suggested by de Boer and Hamaker. The second
approach, developed by Lifshitz et al., is based on the correlation between electric
fluctuations of two macroscopic bodies. It is referred to as the macroscopic approach.
Both approaches are described in this chapter.

Chapter 6 gives a thorough description of the theory of colloid stability due to
Deryaguin, Landau,Verwey,Overbeek (DLVO theory). TheDLVO theory is based on the
combination of electrostatic repulsion and van der Waals attraction at various sepa-
ration distances between the particles or droplets. This results in an energy–distance
curve containing a shallow attractive minimum (weak attraction) at long separation
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distances between the particles, a deep attractive minimum at short separation dis-
tances and an energy maximum (energy barrier) at intermediate distances. The de-
pendency of the energy maximum on electrolyte concentration, electrolyte valency
and zeta potential is described to distinguish between stable and unstable (floccu-
lated) dispersions.

Chapter 7 describes the flocculation of colloidal dispersions. The mechanism of
aggregation is described in terms of the DLVO theory which predicts the process of
aggregation on addition of electrolytes with different valencies. The kinetics of floccu-
lation is described for two cases: Fast flocculation in the absence of an energy barrier
and slow flocculation in the presence of an energy barrier. The theory of fast floccu-
lation kinetics, due to Smoluchowski, is described and this is followed by the theory
of slow flocculation, due to Fuchs and definition of the stability ratio W (ratio of fast
flocculation rate to slow flocculation rate). The dependency of W on electrolyte con-
centration C for uni–uni (1 : 1) and bi–bi (2 : 2) electrolyte is described. logW–log C
curves are established and this allows one to define the critical flocculation (coagula-
tion) concentration and its dependency on electrolyte valency. A section is given over
to the process of (reversible) flocculation as well as orthokinetic (in the presence of
shear) flocculation.

Chapter 8 describes association colloids mostly produced by surfactant mole-
cules. It starts with a section on the general classification of surfactant molecules:
anionic, cationic, zwitterionic and nonionic. A section is devoted to polymeric surfac-
tants and their structure. The physical chemistry of surfactant solutions is described
at a fundamental level, illustrating the abrupt changes at a critical concentration
(critical micelle concentration, cmc) due to the aggregation of the molecules into
micelles. The dependency of the cmc on the surfactant structure is described. This is
followed by a section on the solubility-temperature relationship for ionic and non-
ionic surfactants. The kinetics and thermodynamic aspects of micelle formation are
described to illustrate the spontaneous formation of micelles. The driving force of
micelle formation is described in terms of the balance between enthalpy and entropy
of the process.

Chapter 9 deals with the process of surfactant adsorption at the liquid/liquid in-
terface. It starts with a thermodynamic definition of interfacial tension by application
of the second law of thermodynamics. Two approaches are described for the process
of surfactant adsorption at liquid interfaces. The first approach treats the process as
one of equilibrium and by application of the second law of thermodynamics one can
relate the variation of interfacial tension with surfactant concentration to the amount
of surfactant adsorption at the liquid/liquid interface. This allows one to obtain the
area per surfactant molecule at the interface and its dependence on the orientation of
themolecule. The second approach for surfactant adsorption considers themolecules
to produce a layer at the interfacewhichproduces a surfacepressure. This approachal-
lows one to obtain the orientation of the surfactantmolecules by following the change
in surface pressure with surfactant concentration.
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Chapter 10 describes the adsorption of surfactants at the solid/liquid interface. It
emphasizes the reversibility of adsorptionand thepossibility of applicationof thermo-
dynamics. Four systems are considered: ionic surfactants on hydrophobic and hydro-
philic surfaces, nonionic surfactants on hydrophobic and hydrophilic surfactants. It
shows that the adsorption of both ionic and nonionic surfactants on hydrophobic
surfaces is governed by hydrophobic bonding between the alkyl chain and the non-
polar surface; charge interactions play a minor role. The adsorption of ionic and non-
ionic surfactants on hydrophilic surfaces is governed by the polar interaction between
the surfactant head group and the charged or polar surface. The adsorption of ionic
surfactants on hydrophobic surfaces can be described by the Stern–Langmuir equa-
tion at low surface coverage. At high surface coverage, lateral interaction between
the surfactant molecules on the solid surface must be taken into account. Using the
Stern–Langmuir equation, one can define the free energy of adsorption which con-
tains several contributions, e.g. surfactant/surfactant interaction, surfactant/surface
interaction and head group/surface interaction. The experimental technique for de-
termining the adsorption isotherm is described and some examples are given to show
the effect of surfactant structure and nature of the surface. The adsorption of ionic
surfactants on charged surfaces (with opposite charge) shows a very rapid increase
above a critical concentration which is attributed to the formation of hemimicelles.
Several types of adsorption isotherms are described for the adsorption of nonionic
surfactants on nonpolar and polar surfaces. These isotherms are analysed in terms of
the structure of the surfactant molecules on the surface.

Chapter 11 describes the solution properties of polymers and polymeric surfac-
tants. It starts with the Flory–Huggins theory that describes the free energy of random
coils in terms of the entropy and enthalpy contributions to the free energy. Equations
are given for the end-to-end distance and radius of gyration of the random coil. Mod-
ification of the Flory–Huggins theory is described for block and graft copolymers.
Particular attention is given to the association of block and graft copolymers that
gives association structures similar to surfactant micelles. The techniques that can
be applied to investigate the solution properties of polymers and polymeric surfac-
tants are described.

Chapter 12 describes the process of adsorption of polymers at the solid/liquid in-
terface. It emphasizes the complexity of the adsorption process that must take into
consideration the conformation of the polymer chains at the solid/liquid interface.
Several classes of polymers are considered, namely random coils, “blocky copoly-
mers” (that contain short blocks with high affinity to the surface), block and graft
copolymers. The importance of a minimum adsorption energy per segment attached,
that is required to counteract the entropy loss due to adsorption, is clearly illustrated.
The theories of polymer adsorption are describedwith particular reference to the step-
weighted random walk approach and the scaling concepts. The experimental tech-
niques used to obtain the various adsorption parameters are described.
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Chapter 13 deals with the process of steric stabilization. It starts with describing
the interaction between particles or droplets containing polymer layers. This interac-
tion could result in overlap and/or compression of the adsorbed layer, both of which
result in an increase in the segment density in the overlap. The repulsion is described
in terms of the unfavourablemixing of the polymer chain and the loss of entropy of the
chains on considerable overlap. Unfavourable mixing results in a positive free energy
of repulsionproviding the chains are in good solvent conditions. Equations arederived
to obtain the mixing free energy illustrating the importance of the Flory–Huggins in-
teraction parameter. Equations are also given for the entropy loss (that is described as
elastic interaction). Combining the mixing elastic terms gives the total steric interac-
tion, which when combined with the van der Waals attraction gives energy–distance
curves with only one shallow minimum (at separation distances close to twice the
adsorbed layer thickness), but when the surface-surface separation distance become
smaller than twice the adsorbed layer thickness a sharp increase in repulsion is ob-
tained and this is the origin of steric stabilization. The criteria of effective steric stabi-
lization are described.

Chapter 14 describes the different flocculationmechanisms of sterically stabilized
dispersions. The first mechanism, referred to as weak and reversible flocculation, oc-
curs when the energy minimum in the energy–distance curve is sufficiently deep (few
kT units, where k is the Boltzmann constant and T is the absolute temperature) for
sufficient attraction to occur. The dependency of the depth of the minimum on the
colloidal dispersion volume fraction is described. The second type of flocculation,
referred to as incipient flocculation, is strong and irreversible. The conditions for in-
cipient flocculation, in particular the solvency of the medium for the chains, are de-
scribed. A definition is given for the onset of incipient flocculation that is determined
by the Flory–Huggins interaction parameter. The correlation between the flocculation
point and the theta conditions for the chains is described. The third type of floccula-
tion, referred to as depletionflocculation, occurs on the addition of “free”, nonadsorb-
ing polymer to the dispersion. The parameters that determine depletion flocculation
are described at a fundamental level. The fourth type of flocculation, described as
bridging flocculation, is obtained when there is not sufficient polymer to cover the
particles. The various parameters that determine bridging flocculation are described.
The fifth type of flocculation occurs when charged polymers with opposite sign to that
of the particles are added to the colloidal dispersion.

This handbook (Vol. 1) gives a comprehensive fundamental analysis of interface
science and colloid stability. It would be valuable for graduate students requiring
knowledge of the subject as well as research workers who are engaged in the field.
It will also be extremely valuable for industrial chemists and chemical engineers
who are engaged in formulation of various disperse systems. It will also provide the
formulation chemist with a fundamental approach on how to arrive at a required state
of a colloidal dispersion and how to maintain the ease of its application.

April 2017 Tharwat Tadros
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1 Introduction

1.1 Colloidal dispersions

The word “colloid” was first coined by Thomas Graham [1] in 1861 who borrowed the
word from the Greek word “kolla”meaning glue-like. Colloidal particles possess char-
acteristic properties between those of true solutions (with molecules that can diffuse
through membranes) and suspensions that can sometimes be easily observed by the
naked eye. Clearly colloidal particles are unable to diffuse through membranes and
when dispersed in a liquid medium they form a heterogeneous (two-phase) system
that can scatter light. The best definition of colloids is perhaps “systems in which
a significant proportion of the molecules lie in or are associated with interfacial re-
gions”. Simple considerations suggest that the lowest limit for colloids (whereby one
can distinguish betweenmolecules in the interfacial region and the bulk) is 1 nm. The
upper limit for colloidal dispersions lies in the region of 1000nm (1 µm), whereby a
significant proportion of the total molecules lie at the interface. Unfortunately, the
exact range of colloid size is difficult to ascertain in an exact manner. For that reason
Ostwald [2] described colloids as “the world of neglected dimensions”.

Colloidal particles are too small to be observed with ordinary optical microscopy.
However, it was possible to demonstrate their existence using the technique of ul-
tramicroscopic illumination first employed by Zsigmondy [3] in 1903. This is due to
the fact that colloidal particles scatter light. The technique, known as dark field mi-
croscopy, works provided the refractive index of the particles is very much different
from that of the medium so that sufficient light is scattered from them to be seen [4].
A schematic representation of the slit ultramicroscopic is shown in Fig. 1.1.

To visualize colloidal particles both scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are effectively used with a resolution down
to 5 nm for TEM. For metallic colloids (such as gold sols), a drop of the dispersion is
deposited on a TEM grid, dried and observed directly in the microscope. The images,
whichare a two-dimensional representation, are capturedonfilmordigitally and from

Carbon-arc
light source

Colloidal
dispersion

Microscope

Adjustable
slit

Fig. 1.1: Schematic representation of the slit ultramicroscope [5].
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these the size distribution is determined using an image analyser. For colloids such as
organic polymers, proteins andbiocolloids that can be damaged by the electron beam,
a carbon or gold replica is prepared that is floated off the sample and observed in the
microscope instead of the colloid. Many other techniques can be used for measuring
the size of colloidal particles, of which light scattering is perhaps themost convenient
to use. Both static (elastic) and dynamic (quasi-elastic) light scattering methods can
be applied and these will be described in detail in Chapter 12, Vol. 2.

It should bementioned that colloidal particles are not always spherical andmany
other shapes are encountered in practice, e.g. ellipsoids, rods, discs, etc. Measure-
ment of particle size and shape distribution is essential since these determine many
of the properties of the colloidal dispersion, such as its flow characteristics (rheol-
ogy), solubility rate, stability, appearance of the dispersion , processing, etc. The par-
ticles are described as monodisperse if they are of the same size, otherwise they are
polydisperse. It is therefore important to determine the particle size distribution and
polydispersity index as will be discussed in detail in Chapter 12, Vol. 2.

As mentioned above, a colloidal dispersion is a two-phase system in which one
phase (the disperse phase) is dispersed in a second continuous phase (the dispersion
medium). The disperse phase can be solid, liquid or gas and the same applies for the
dispersion medium. On this basis one can distinguish several classes of colloidal dis-
persions as shown in Tab. 1.1.

Tab. 1.1: Classes of colloidal dispersions.

Solid Liquid Suspension
Liquid Liquid Emulsion
Gas Liquid Foam
Liquid Gas Aerosol
Liquid Solid Gel
Solid Gas Smoke
Solid Solid Composite

Several examples of dispersion classes can be quoted. One of the earliest colloidal
dispersions of the solid/liquid type is colloidal gold which was used in the fourth and
fifth centuryBCbyancient Egyptians andChinese tomake rubyglass and for colouring
ceramics [4]. Michael Faraday [6] prepared the first pure colloidal gold dispersion by
reducing a solution of gold chloridewith phosphorous.He recognized the colour of the
dispersion was due to the small size of the gold particles. Nowadays such small sized
particles covering the size range 1–100nm are referred to as nanoparticles. The early
work of Brown on the random drifting of dispersed particles induced by thermal en-
ergy (referred to as Brownianmotion)was given a theoretical treatment by Einstein [7].
Brownianmotion of colloidal particles and the resultant dynamics are unique and im-
portant characteristics of colloidal systems [4].
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A good example of naturally occurring colloid of the liquid/liquid type is milk,
which consists of fat droplets dispersed in aqueous medium that also contains casein
micelles which are also colloidal in nature. Whenmilk is first obtained from cows, the
fat droplets may exceed 1 µm and this results in creaming of these droplets. However,
when milk is homogenized (using high pressure homogenizers) the fat droplets are
subdivided into submicron droplets (nanodroplets) and this prevents the process of
creaming.

An example of gas/liquid system (foam) is the beer head. When beer is poured
into a glass one observes a head of foam and the air bubbles are stabilized by pro-
tein present in the beer. Several examples of liquid/gas dispersions (aerosols) can be
quoted, such as fog ormist. One of themain applications of aerosols is in pharmacy for
oral and topical use. Pharmaceutical aerosols are dosage forms containing therapeu-
tically active ingredients intended for topical administration, introduction into body
cavities, or by inhalation via the respiratory tract. The aerosol product consists of two
components, namely concentrate containing the active ingredient and propellant(s).
The latter provides the internal pressure that forces the product out of the container
when the valve is opened and delivers the product in the desired form.

Liquid/solid dispersions or gels are semisolids consisting of a “three-dimen-
sional” network in which the liquid is entrapped. The network can be either sus-
pensions of small particles or large organic molecules (polymers) interpenetrated
with liquid. In the first case, the inorganic particles, such as bentonite, form a three-
dimensional “house of cards” structure through the gel. This is a true two-phase
system. With polymers, either natural or synthetic, the molecules tend to entangle
with each other due to their random motion. These systems are actually single phase
in the macro-sense; the organic molecules are dissolved in the continuous phase.
However, the unique behaviour of polymers, leading to high viscosities and gel for-
mation,makes it possible to consider the gel as a two-phase systemon themicro-level;
the colloidal polymer molecule and the solvent. Gels find use as delivery systems for
oral administration, for topical drugs applied directly to the skin or eye as well as for
long acting forms of drugs.

Examples of solid/gas dispersions are smoke and dust as well as particles pro-
duced in coal fires and diesel engines. Several examples of solid/solid dispersions
can be quoted such as painted glass, pigmented plastics as well as dispersions of sil-
ica in plastic to enhance the mechanical properties of the system.

1.2 Self-assembly systems

Certain organic molecules such as surfactants (generally described as amphiphiles)
tend to associate in solution above a critical concentration to form aggregate struc-
tures (referred to as micelles) with dimensions in the colloid range. A good example is
the association of sodium dodecyl sulphate (SDS) at concentrations ≥ 8.1 × 10−3 mol
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to form spherical micelles [8] as represented in Fig. 1.2. However, the micelles can be
of different shapes (rod-shaped or lamellar) but still with one dimension in the colloid
range. The different shapes of micelles are illustrated in Fig. 1.3. The size and shape of
any micelle is determined by the surfactant structure and the environment. The sur-
factant structure determines the critical packing parameter of the molecule (the ratio
of the cross-sectional area of the hydrocarbon chain to that of the head group). The
head group cross-sectional area is determined by the size of that group which in turn
is determined by electrolyte addition. For example, a spherical micelle may change to
a rod-shaped one on addition of electrolyte.

1  nm

Fig. 1.2: Schematic representation of SDS micelles.

Sphere

Rod-like

Lamellar micelle

Fig. 1.3: Shape of micelles.
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1.3 Interfacial phenomena

In all disperse systems such as suspensions, emulsions, foams, etc., the structure of
the interfacial region determines its colloidal properties [9–13]. The larger the interfa-
cial area, i.e. the larger the surface to volume ratio of the particle or droplet, the more
important the role of the structure of the interfacial region. For convenience, I will list
the topics of colloid and interface science under two main headings, namely disperse
systems and interfacial phenomena. This subdivision does not imply any separation
for the following reasons: All disperse systems involve an interface and many interfa-
cial phenomena are precursors for formation of disperse systems, e.g. nucleation and
growth, emulsification, etc. The main objective of the present book is to cover the fol-
lowing topics: The basic principles that are involved in interfacial phenomena as well
as the formation of colloidal dispersions and their stabilization, as well as surfactants
and polymer adsorption at various interfaces and interfacial phenomena in wetting,
spreading and adhesion.

Several interfacial phenomena may be considered when dealing with colloidal
dispersions:
(i) Charge separation and formation of electrical double layers.
(ii) Wetting of powders and the role of surfactants.
(iii) Adsorption of surfactants and polymers at the solid/liquid and liquid/liquid in-

terfaces and the role of the structure of the interfacial region.

The colloid stability/instability of any disperse system is determined by the property
of the interfacial region. In actual fact, colloid and interface science are one individual
subject. This is particularly the case with charged interfaces that form electrical dou-
ble layers and those interfaces that contain adsorbed surfactants and/or polymers.
With systems containing electrical double layers, repulsion between the particles or
droplets takes place as a result of the overlap of double layers. This is particularly the
case at low electrolyte concentrations and low valency of the indifferent electrolyte.
This double layer repulsion overcomes the van der Waals attraction and at intermedi-
ate distances an energy barrier is produced that prevents approach of the particles.
This barrier can reach several kT units (where k is the Boltzmann constant and T
is the absolute temperature) which becomes much higher than the thermal motion
(≈ kT) and this prevents particle aggregation (flocculation or coagulation). As the elec-
trolyte concentration is increased, the range and magnitude of the repulsive energy
is reduced and at a critical concentration (defined as the critical coagulation con-
centration, CCC) fast flocculation and irreversible aggregation occur. With adsorbed
nonionic surfactants or polymers an adsorbed layer with thickness δ is produced.
When the particles or droplets approach to a surface-surface distance h < 2δ, strong
repulsion occurs due to the unfavourable mixing of the adsorbed chains when these
are in good solvent conditions. This repulsion is referred to as steric interaction and
at distances < 2δ a very sharp increase in repulsion energy occurs when h < 2δ. This
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steric repulsion overcomes the van der Waals attraction at h ≈ 2δ. The repulsion pro-
duced by the presence of adsorbed layers of surfactant or polymers is generally more
effective than the electrostatic repulsion produced by overlap of the double layers. The
stability is less sensitive to addition of moderate electrolyte concentration, provided
the medium remains a good solvent for the chains.

The field of colloid and interface science has no boundary since chemists, physi-
cists, engineers, biologists, mathematicians can all be engaged in the field. For suc-
cessful applications in industry, multidisciplinary teams are required. Understanding
the basic principles of colloid and interface science will enable industry to develop
many complex systems in a shorter period of time. Most colloidal systems used in in-
dustry are multiphase and complex formulations. They may contain more than one
disperse phase, e.g. suspension/emulsion systems (suspoemulsions).

1.4 Outline of the book

Chapter 2 deals with origin of charge in colloidal systems and structure of the electri-
cal double layer. A great variety of processes occur to produce a surface charge [13]:
Surface ions that have such a high affinity to the surface of the particles that they may
be taken as part of the surface, e.g. Ag+ and I− for AgI; ionization of surface groups, e.g.
carboxylic groups that are chemically bound to the surface of synthetic latexes. The
charge is a function of pH as the degree of dissociation is a function of pH; isomorphic
substitution which occurs in clay minerals, with the basic structure of a clay parti-
cle consisting of an aluminosilicate layer lattice; specific adsorption of ions that have
non-electrostatic affinity to the surface, e.g. bivalent cations on oxides, cationic and
anionic surfactants on most surfaces can also produce a surface charge. The second
part of Chapter 2 deals with the structure of the electrical double layer, namely the dif-
fuse double layer due to Gouy and Chapman [14, 15] and its modification by Stern and
Graham [16, 17] who considered the role of specifically adsorbed ions near the surface.
One of the main features of the electrical double layer is its extension in bulk solution
(referred to as the double layer thickness) which depends on electrolyte concentration
and valency of the counterions and co-ions. The methods that can be applied for in-
vestigating the double layer are described. Themost commonmethod for investigating
double layers in disperse systems is to use titration techniques that can be applied to
obtain the surface charge as a function of surface potential at different electrolyte con-
centrations and types. The titration method was successfully applied for double layer
investigations on oxides. The surface charge can be directly determined by titration of
an oxide suspension in an aqueous solution of indifferent electrolyte (e.g. KCl).

Chapter 3 deals with electrokinetic phenomena and the concept of zeta potential
[18]. Electrokinetic effects are the direct result of charge separation at the interface
between two phases, I and II. When one of the phases is a polar liquid like water, its
dipolar molecules will tend to be oriented in a particular direction at the interface and
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this will generate a potential difference. If there are ions or excess electrons in one
or both of the phases, or ionogenic groups, there will be a tendency for the electric
charges to distribute themselves in a non-uniform way at the interface. This results
in the formation of an electrical double layer as described in Chapter 2. Electrokinetic
effects arise when one of the two phases is caused to move tangentially past the sec-
ond phase. The tangential motion can be caused by an electric field, forcing a liquid
into a capillary, forcing a liquid into a plug of particles or by a gravitational field on
the particles. This leads to four different types of electrokinetic phenomena, namely
electrophoresis, electro-osmosis, streaming potential and sedimentation potential. In
this chapter, only electrophoresis will be discussed since this is the most commonly
usedmethod for dispersions, allowing one tomeasure the particlemobility which can
be converted to the zeta potential using theoretical treatments. The various theoreti-
cal treatments that can be applied to convert particle mobility to zeta potential are
described. This is followed by a section on the methods that can be applied for mea-
surement of particle mobility and zeta potential for various colloidal systems.

Chapter 4 describes the double layer repulsion between colloidal particles. The
origin of electrostatic interactions is due to the double layer overlap that occurs when
the surface-to-surface distance becomes smaller than twice the double layer thick-
ness. One of the most important features of double layers is their strong dependence
on the concentration of indifferent electrolytes. An increase in electrolyte concentra-
tion causes a reduction in the diffuse double layer potential and compression of the
double layer, i.e. reduction of the Debye length. Both of these effects affect the col-
loid stability of lyophobic colloids. The theoretical analysis of interaction between
particles containing double layers is described for the case of constant potential and
constant charge. The effect of increasing electrolyte concentration, valency of counter-
ions and Stern potential is described at a fundamental level.

Chapter 5 deals with van der Waals attraction between colloidal particles. The
interaction between two particles can in general be considered in terms of the poten-
tial energy or the work required to separate them from a centre-to-centre distance r
to some large distance apart [13]. One must first consider the intermolecular attrac-
tion between atoms or molecules: dipole-dipole interaction (Keesom–van der Waals
interaction), dipole-induced dipole interaction (Debye–van der Waals interaction),
London–van der Waals interaction (dispersion interaction). There are generally two
approaches for describing the van der Waals attraction between macroscopic bodies
such as colloidal particles, emulsion droplets, etc. The first approach considers the
London–van der Waals attraction to be the sum of the forces acting between isolated
molecules. This approach, referred to as the microscopic approach, was suggested by
de Boer and Hamaker [19, 20]. The second approach, developed by Lifshitz et al. [21],
is based on the correlation between electric fluctuations of two macroscopic bodies.
It is referred to as the macroscopic approach. Both approaches are described in this
chapter
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Chapter 6 gives a thorough description of the theory of colloid stability due to
Deryaguin, Landau, Verwey, Overbeek (DLVO theory) [22, 23]. The DLVO theory is
based on the combination of electrostatic repulsion and van der Waals attraction
at various separation distances between the particles. This results in an energy–
distance curve containing a shallow attractive minimum (weak attraction) at long
separation distances between the particles, a deep attractive minimum at short sepa-
ration distances and an energy maximum (energy barrier) at intermediate distances.
The dependency of the energy maximum on electrolyte concentration, electrolyte
valency and zeta potential is described to distinguish between stable and unstable
(flocculated) dispersions.

Chapter 7 describes the flocculation of colloidal dispersions. The mechanism of
aggregation is described in terms of the DLVO theory which predicts the process of
aggregation on addition of electrolytes with different valencies. The kinetics of floccu-
lation is described for two cases: Fast flocculation in the absence of an energy barrier
and slow flocculation in the presence of an energy barrier. The theory of fast floccu-
lation kinetics, due to Smoluchowski [24], is described. This is followed by the theory
of slow flocculation, due to Fuchs [25] and definition of the stability ratio W (ratio
of fast flocculation rate to slow flocculation rate). The dependency ofW on electrolyte
concentration C for uni–uni (1 : 1) and bi–bi (2 : 2) electrolyte is described. logW–logC
curves are established and this allows one to define the critical flocculation (coagula-
tion) concentration and its dependency on electrolyte valency. A section is given over
to the process of (reversible) flocculation as well as orthokinetic (in the presence of
shear) flocculation.

Chapter 8 describes association colloids mostly produced by surfactant mole-
cules. It starts with a section on the general classification of surfactant molecules:
anionic, cationic, zwitterionic and nonionic. A section is devoted to polymeric surfac-
tants and their structure. Thephysical chemistry of surfactant solutions is described at
a fundamental level, illustrating the abrupt changes at a critical concentration due to
the aggregation of themolecules intomicelles. The critical concentration is defined as
the critical micelle concentration (cmc). The dependency of the cmc on the surfactant
structure is described. This is followed by a section on the solubility-temperature
relationship for ionic and nonionic surfactants. The kinetics and thermodynamic
aspects of micelle formation are described to illustrate the spontaneous formation of
micelles. The driving force of micelle formation is described in terms of the balance
between enthalpy and entropy of the process.

Chapter 9 deals with the process of surfactant adsorption at the liquid/liquid in-
terface. It starts with a thermodynamic definition of interfacial tension by application
of the second law of thermodynamics. Two approaches are described for the process
of surfactant adsorption at liquid interfaces. The first approach treats the process as
one of equilibrium and by application of the second law of thermodynamics one can
relate the variation of interfacial tension with surfactant concentration to the amount
of surfactant adsorption at the liquid/liquid interface. This allows one to obtain the
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area per surfactant molecule at the interface and its dependence on the orientation of
themolecule. The second approach for surfactant adsorption considers themolecules
to produce a layer at the interfacewhichproduces a surfacepressure. This approachal-
lows one to obtain the orientation of the surfactantmolecules by following the change
in surface pressure with surfactant concentration.

Chapter 10 describes the adsorption of surfactants at the solid/liquid interface. It
emphasizes the reversibility of adsorptionand thepossibility of applicationof thermo-
dynamics. Four systems are considered: ionic surfactants on hydrophobic and hydro-
philic surfaces, nonionic surfactants on hydrophobic and hydrophilic surfactants. It
shows that the adsorption of both ionic and nonionic surfactants on hydrophobic
surfaces is governed by hydrophobic bonding between the alkyl chain and the non-
polar surface; charge interactions play a minor role. The adsorption of ionic and non-
ionic surfactants on hydrophilic surfaces is governed by the polar interaction between
the surfactant head group and the charged or polar surface. The adsorption of ionic
surfactants on hydrophobic surfaces can be described by the Stern–Langmuir equa-
tion at low surface coverage. At high surface coverage, lateral interaction between
the surfactant molecules on the solid surface must be taken into account. Using the
Stern–Langmuir equation, one can define the free energy of adsorption which con-
tains several contributions, e.g. surfactant/surfactant interaction, surfactant/surface
interaction and head group/surface interaction. The experimental technique for de-
termining the adsorption isotherm is described and some examples are given to show
the effect of surfactant structure and nature of the surface. The adsorption of ionic
surfactants on charged surfaces (with opposite charge) shows a very rapid increase
above a critical concentration which is attributed to the formation of hemimicelles.
Several types of adsorption isotherms are described for the adsorption of nonionic
surfactants on nonpolar and polar surfaces. These isotherms are analysed in terms of
the structure of the surfactant molecules on the surface.

Chapter 11 describes the solution properties of polymers and polymeric surfac-
tants. It starts with the Flory–Huggins theory that describes the free energy of random
coils in terms of the entropy and enthalpy contributions to the free energy. Equations
are given for the end-to-end distance and radius of gyration of the random coil. Mod-
ification of the Flory–Huggins theory is described for block and graft copolymers.
Particular attention is given to the association of block and graft copolymers that
gives association structures similar to surfactant micelles. The techniques that can
be applied to investigate the solution properties of polymers and polymeric surfac-
tants are described.

Chapter 12 describes the process of adsorption of polymers at the solid/liquid in-
terface. It emphasizes the complexity of the adsorption process that must take into
consideration the conformation of the polymer chains at the solid/liquid interface.
Several classes of polymers are considered, namely randomcoil, “blocky copolymers”
(that contain short blocks with high affinity to the surface), block and graft copoly-
mers. The importance of a minimum adsorption energy per segment attached, that is
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required to counteract the entropy loss due to adsorption, is clearly illustrated. The
theories of polymer adsorption are described with particular reference to the step-
weighted random walk approach and the scaling concepts. The experimental tech-
niques that are used to obtain the various adsorption parameters are described.

Chapter 13 deals with the process of steric stabilization. It starts with describ-
ing the interaction between particles or droplets containing polymer layers. This in-
teraction could result in overlap and/or compression of the adsorbed layer, both of
which results in an increase in the segment density in the overlap. The repulsion is
described in terms of the unfavourable mixing of the polymer chain and the loss of
entropy of the chains on considerable overlap. The unfavourable mixing results in
a positive free energy of repulsion providing the chains are in good solvent condi-
tions. Equations are derived to obtain the mixing free energy illustrating the impor-
tance of the Flory–Huggins interaction parameter. Equations are also given for the en-
tropy loss (that is described as elastic interaction). Combining themixing elastic terms
gives the total steric interaction, which when combined with the van der Waals at-
traction gives energy–distance curves with only one shallowminimum (at separation
distances close to twice the adsorbed layer thickness), but when the surface-surface
separation distance become smaller than twice the adsorbed layer thickness a sharp
increase in repulsion is obtained and this is the origin of steric stabilization. The cri-
teria of effective steric stabilization are described.

Chapter 14 describes the different flocculationmechanisms of sterically stabilized
dispersions. The first mechanism, referred to as weak and reversible flocculation, oc-
curs when the energy minimum in the energy–distance curve is sufficiently deep (few
kT units, where k is the Boltzmann constant and T is the absolute temperature) for
sufficient attraction to occur. The dependency of the depth of the minimum on the
colloidal dispersion volume fraction is described. The second type of flocculation,
referred to as incipient flocculation, is strong and irreversible. The conditions for in-
cipient flocculation, in particular the solvency of the medium for the chains, are de-
scribed. A definition is given for the onset of incipient flocculation that is determined
by the Flory–Huggins interaction parameter. The correlation between the flocculation
point and the theta conditions for the chains is described. The third type of floccula-
tion, referred to as depletionflocculation, occurs on the addition of “free”, nonadsorb-
ing polymer to the dispersion. The parameters that determine depletion flocculation
are described at a fundamental level. The fourth type of flocculation, described as
bridging flocculation, is obtained when there is not sufficient polymer to cover the
particles. The various parameters that determine bridging flocculation are described.
The fifth type of flocculation occurs when charged polymers with opposite sign to that
of the particles are added to the colloidal dispersion.

Chapter 1, Vol. 2 describes the flow characteristics (rheology) of colloidal disper-
sions. It starts with a section on the basic principles of rheology that include steady
state (shear stress-shear rate measurements), constant stress (creep measurements),
constant strain (stress relaxation measurements) and dynamic (oscillatory) tech-

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



1.4 Outline of the book | 11

niques. The various rheological models that are used to describe each technique are
described. This is followed by a section on very dilute and moderately concentrated
colloidal dispersions (which takes into account the hydrodynamic interaction). The
rheology of concentrated colloidal dispersions is then described by considering four
different systems. The first is represented by hard-sphere interactions where both
repulsion and attraction are screened. The semi-empirical model that can be applied
to describe the rheology of hard-sphere dispersions is described. The second system
is that of “soft” or electrostatic interaction whereby the rheology of the system is
determine by double layer repulsion. The third system is that of sterically stabilized
dispersions. The importance of the ratio of adsorbed layer thickness to particle radius
is described. The fourth system is that of flocculated dispersions and a distinction can
be made between weak and strong flocculation.

Chapter 2, Vol. 2 describes the various processes of wetting, spreading and adhe-
sion. It starts with the equilibrium thermodynamic treatment and Young’s equation.
The calculation of surface tension and contact angle is described. This is followed by
a description of the process of spreading of liquids on surfaces and definition of the
Harkins spreading coefficient. The process of contact angle hysteresis and effect of
roughness and surface heterogeneity is described. This is followed by a section on the
critical surface tension ofwetting and the effect of surfactant adsorption. The dynamic
process of adsorption and wetting is described.

Chapter 3, Vol. 2 deals with solid/liquid dispersions (suspensions). Both colloidal
and non-colloidal, organic and inorganic particles suspended in aqueous and non-
aqueous media are described. Particular attention is given to nanosuspensions that
cover the size range 1–100nm. The general methods of preparation and stabilization
of dispersions are described. The distinction between colloidal and physical stability
is described. This is followed by a section on preparation of suspensions by bottom-up
process, namely by nucleation and growth. The thermodynamic theory of nucleation
and growth is described at a fundamental level. This is followed by a section on pre-
cipitation kinetics and control of particle size distribution. The preparation of suspen-
sions by bottom-down process, namely by breaking of aggregates and agglomerates,
dispersion and comminution (milling) is then described. The role of wetting and dis-
persing agents is described at a fundamental level. This is followed by a section on
electrostatic and steric stabilization of suspensions. The Ostwald ripening (crystal
growth) of suspensions that results from the difference in solubility between small
and large particles is described. This is followed by a section on sedimentation of sus-
pensions and prevention of formation of hard sediments (“clays”). The final part deals
with nonaqueous suspensions in both polar and nonpolar liquids.

Chapter 4, Vol. 2 describes the liquid/liquid dispersions (emulsions). It starts with
a section on the classification of emulsions based on the nature of the emulsifier and
the structure of the system. Special attention is given to nanoemulsions covering the
size range 1–100nm. The general instability problems with emulsions are described.
This is followedby a section on the thermodynamics of emulsion formation andbreak-
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down with particular reference to the importance of having a repulsive energy barrier
to ensure the kinetic stability of the system. The interaction forces between emulsion
droplets are briefly described. This is followed by a description of the mechanism of
emulsification and the role of the emulsifier. The various methods that can be applied
for emulsification are described with particular reference to the use of high pressure
homogenizers. The various methods for selection of emulsifiers are described. The
process of creaming/sedimentation of emulsions and its prevention is described. This
is followedby sections onflocculation of emulsions and its prevention, Ostwald ripen-
ing and its reduction, emulsion coalescence and its prevention and phase inversion.

Chapter 5,Vol. 2 dealswithmultiple emulsions. It startswith adefinitionand types
ofmultiple emulsions. The breakdown processes ofmultiple emulsions are described.
This is followed by a section on preparation of multiple emulsions with particular
reference to the role of the emulsifiers and the nature of the oil phase. The factors
affecting the stability ofmultiple emulsions are described at a fundamental level. This
is followed by a section on the methods that can be applied for characterization of
multiple emulsions and their long-term physical stability.

Chapter 6, Vol. 2 deals with gas (air)/liquid dispersions (foams). It starts with the
methods of foam preparation and foam structure. The classification of foam stability
is described. This is followed by a section on drainage and thinning of foam films. The
various theories of foam stability are described. This is followed by a description of
foam inhibitors. The physical properties of foams are described and this is followed
by a section on the experimental techniques for studying foam structure and stability.

Chapter 7, Vol. 2 describes liquid/solid dispersions or gels. It starts with a defini-
tion of a gel and description of the rheological behaviour of a gel. The various classi-
fications of gels are described. It starts with physical gels obtained by polymer chain
overlap. Gels produced by associative thickeners are described. This is followed by
a section on crosslinked (chemical) gels. The second part of this chapter deals with
particulate gels formed by crosslinking of finely divided particles.

Chapter 8, Vol. 2 deals with the subject of polymer colloids (latexes). It starts with
a section on the preparation by emulsion polymerization, with particular reference
to the theories and the role of the emulsifier. The use of block and graft copolymers
in emulsion polymerization is described. This is followed by a section on dispersion
polymerization for preparation of nonaqueous polymer latexes. Particular attention
is given to the importance of the presence of a “protective colloid” to prevent the floc-
culation of the resulting latex.

Chapter 9, Vol. 2 describes microemulsions. It starts with the definition of mi-
croemulsions, their spontaneous formation and thermodynamic stability. The various
theories of microemulsion formation and stability are described, with particular ref-
erence to the importance of having an ultra-low interfacial tension. The use of mixed
surfactants for preparation of microemulsions is described. The various techniques
that can be applied for characterization of microemulsions are described.
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Chapter 10, Vol. 2 deals with liposomes and vesicles and their important applica-
tions. The various lipids that are used for preparing liposomes and vesicles are de-
scribed. This is followed by a description of the driving force for formation of vesicles
and the importance of the critical packing parameter concept. The enhancement of
stability of vesicles by incorporation of block copolymers is described.

Chapter 11, Vol. 2 deals with the process of deposition of particles and their adhe-
sion at interfaces,with particular reference to the role of interparticle interactions. The
methods of measurement of particle deposition using rotating disc and cylinder tech-
niques are described. This is followed by applications of particle deposition in hair
sprays, hair conditioners, foundation, creams and lotions. The effect of polymers and
polyelectrolytes on particle deposition at interfaces is described. This is followed by a
sectionon the effect of nonionic, anionic and cationic polymers onparticle deposition.
The process of particle-surface adhesion is described with particular reference to the
importance of short-range forces and calculation of the force of adhesion. The surface
energy approach to adhesion is described. This is followed by the experimental meth-
ods for measurement of particle deposition and adhesion. The process of removal of
solid dirt and liquid droplets from surfaces is described.

Chapter 12, Vol. 2 deals with the various techniques that can be applied for char-
acterization of colloidal dispersions. It starts with a definition of particle size distri-
bution and polydispersity. Various sections are devoted to the application of optical
microscopy, image analysis, confocal laser scanning microscopy, diffraction methods
and scanning and electron microscopy. The various scattering techniques that can be
applied for determination of particle size and polydispersity index are described with
particular reference to time-average and dynamic (quasi-elastic) (photon correlation
spectroscopy) light scattering methods. The methods that can be applied to assess
creaming or sedimentation, flocculation, Ostwald ripening and coalescence are de-
scribed in this chapter.

References

[1] Graham T. Philos Trans Royal Soc. 1861;151:183.
[2] Ostwald CWW. An introduction to theoretical and applied colloid chemistry. New York: Wiley,

1917.
[3] Zsigmondy R. Properties of colloids. Nobel Foundation, December 11, 1926.
[4] Ho CC. Colloidal state. In: Tadros T, editor. Encyclopedia of colloid and interface science.

Berlin: Springer; 2013.
[5] Shaw DJ. Introduction to colloid science. 4th ed. Oxford: Butterworth Heinemann; 1992.
[6] Faraday M. Philos Trans. 1857;147:145.
[7] Einstein A. Investigations on the theory of Brownian movement. New York: Dover; 1956.
[8] Tadros T. An introduction to surfactants. Berlin: De Gruyter; 2014.
[9] Tadros T. Applied surfactants. Weinheim: Wiley-VCH; 2005.
[10] Tadros T. Dispersion of powders in liquids and stabilisation of suspensions. Weinheim: Wiley-

VCH; 2012.

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



14 | 1 Introduction

[11] Tadros T, editor. Emulsion formation and stability. Weinheim: Wiley-VCH; 2013.
[12] Tadros T, editor. Encyclopedia of colloid and interface science. Berlin: Springer; 2013.
[13] Tadros T. Interfacial phenomena and colloid stability, Vol. 1. Berlin: De Gruyter; 2015.
[14] Gouy G. J Phys. 1910;9:457; Ann Phys. 1917;7:129.
[15] Chapman DL. Phil Mag. 1913;25:475.
[16] Stern O. Z Electrochem. 1924;30:508.
[17] Grahame DC. Chem Rev. 1947;41;441.
[18] Hunter RJ. Zeta potential in colloid science. London: Academic Press; 1981.
[19] de Boer JH. Trans Faraday Soc. 1936;32:10.
[20] Hamaker HC. Physica. 1937;4:1058.
[21] Lifshitz EM. Soviet Physics JETP. 1956;2:73.
[22] Deryaguin BV, Landau L. Acta Physicochem USSR. 1941;14:633.
[23] Verwey EJW, Overbeek JTG. Theory of stability of lyophobic colloids. Amsterdam: Elsevier;

1948.
[24] von Smoluchowski M. Physik Z. 1916;17:557, 585.
[25] Fuchs N. Z Physik. 1936;89:736.

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



2 Origin of charge at interfaces and structure
of the electrical double layer

2.1 Introduction

Many colloidal dispersions are stabilized against aggregation by electrostatic repul-
sion between the particles. The particle acquires a surface charge that is compensated
by unequal distribution of counterions (with opposite sign to the surface charge) and
co-ions (with the same sign as the surface charge) thus producing an electrical double
layer. When the particles approach each other to a separation distance that is smaller
than twice the double layer extinction, strong repulsion occurs and this overcomes
the van der Waals attraction.

In this chapter, I will discuss the origin of charge on surfaces and the structure of
the electrical double layer. The methods that can be applied for investigating the dou-
ble layer structure are also discussed in this chapter. Double layer repulsion and van
der Waals attraction will be discussed in detail in Chapters 4 and 5. The combination
of van der Waals attraction and double layer repulsion forms the basis of the theory
of colloid stability that will be discussed in Chapter 6.

2.2 Origin of charge on surfaces

A great variety of processes occur to produce a surface charge [1–3].

2.2.1 Surface ions

These are ions that have such a high affinity to the surface of the particles that they
may be taken as part of the surface, e.g. Ag+ and I− for AgI. If silver iodide, that is
sparingly soluble in water, is brought into water, dissolution occurs until the concen-
tration of the ionic components in solution corresponds to the solubility product of
the compound Ks. The latter Ks = [Ag+][I−] = 10−16. If the precipitation is produced
under conditions which have an excess of I−, say 1 × 10−4 mol dm−3, one forms a
dispersion with negatively charged surface. Using p[I−] = log[I−], the solution has a
p[I−] = 4 and then p[Ag+] = 12. In this case the solution of Ag+ is suppressed with
the surface of the particles consisting of I− species. In contrast, if the precipitation is
produced under conditions of excess Ag+ ions, say 1 × 10−4 mol dm−3, or p[Ag+] = 4,
one forms a dispersion that is positively charged with the surface of the particles con-
sisting of Ag+ ion species. At p[I−] = 10.5 or p[Ag+] = 5.5, the surface populations of
the two types are equal and the point of zero charge (pzc) is reached as the net charge
is zero.

https://doi.org/10.1515/9783110540895-003
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For AgI in a solution of KNO3, the surface charge σ0 is given by the following ex-
pression,

σ0 = F(ΓAg+ − ΓI− ) = FΓAgNO3 − ΓKI, (2.1)

where F is the Faraday constant (96 500Cmol−1) and Γ is the surface excess of ions
(molm−2).

The surface potential ψ0 can be expressed using the Nernst equation (as for an
electrode surface),

ψ0 = RT
F

ln( [Ag+][Ag+]pzc), (2.2)

where R is the gas constant and T is the absolute temperature. This gives a surface
potential of about ±60mV for a factor of ±10 in the silver ion concentration from that
corresponding to the pzc.

2.2.2 Ionization of surface groups

Carboxylic groups that are chemically bound to the surface of synthetic latexes pro-
vide an example of this. The charge is a function of pH as the degree of dissociation is a
function of pH. Although the pKa of an isolated –COOH group is pH ≈ 4, this is not the
situationwith a surfacewithmany –COOHgroups in close proximity. The dissociation
of one group makes it more difficult for the immediate neighbours to dissociate. This
means that the surface has variable pKa and pH values as high as 9 may be required
to ensure dissociation of all surface groups.

Another example where the charge is produced by dissociation is that of oxides
which have surface hydroxyl groups. At high pH, these can ionize to give –O− and at
low pH the lone pair of electrons can hold a proton to give –OH+2. This process can be
represented as follows,

MOH+2
H+←→ MOH OH−←→ MO− + H2O.

The surface charge follows from,

σ0 = F([MOH+2] − [MO−]) = F(ΓH+ − ΓOH− ), (2.3)

where Γ refers to the surface concentration in moles per unit area.
A schematic representation of the process of charge formation in an oxide is

shown in Fig. 2.1 whereby HNO3 and KOH are used to provide the H+ and OH− ions
respectively. In this case one may write equation (2.3) as,

σ0 = F(ΓHNO3 − ΓKOH) (2.4)

The charge depends on the pH of the solution: Below a certain pH the surface is pos-
itive and above a certain pH the surface is negative. At a specific pH (ΓH = ΓOH) the
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Fig. 2.1: Schematic representation of an oxide surface.

surface is uncharged; this is referred to as the point of zero charge (pzc). The pzc de-
pends on the type of oxide: For an acidic oxide such as silica the pzc is ≈pH 2–3. For
a basic oxide such as alumina pzc is ≈pH 9. For an amphoteric oxide such as titania
the pzc ≈pH 6. Some typical values of pzc for various oxides are given in Tab. 2.1.

Tab. 2.1: pzc values for some oxides.

Oxide pzc

SiO2 (precipitated) 2–3
SiO2 (quartz) 3.7
SnO2 (cassiterite) 5–6
TiO2 (anatase) 6.2
TiO2 (rutile) 5.7–5.8
RuO2 5.7
α-Fe2O3 (haematite) 8.5–9.5
α-FeO.OH (goethite) 8.4–9.4
ZnO 8.5–9.5
γ-Al(OH)3 (gibbsite) 8–9

2.2.3 Isomorphic substitution

This process occurs in clay minerals, with the basic structure of a clay particle con-
sisting of an aluminosilicate layer lattice. As the clay is formed, it crystallizes with a
layer of silicon atoms tetrahedrally coordinated to oxygen atoms, i.e. it forms an SiO2
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18 | 2 Origin of charge at interfaces and structure of the electrical double layer

layer. The next layer of the lattice is aluminiumwith octahedrally coordinated oxygen
atoms (i.e. an Al2O3), some of which are shared with the tetrahedral silica layer. This
layer structure is repeated throughout the crystal. With kaolinite a 1 : 1 layer lattice
structure is produced, whereas for montmorillonite a 2 : 1 structure, with the alumina
layer sandwiched between two silica layers, is formed. A schematic representation of
one unit cell of a 2 : 1 layer mineral is shown in Fig. 2.2.
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Fig. 2.2: Schematic representation of a 2 : 1 layer of montmorillonite.

During the crystallization process an occasional tetravalent Si atom is substituted by
a trivalent Al atom and more frequently a trivalent Al atom is substituted by a biva-
lent Mg atom. This results in a deficit of positive charges and formation of negative
charges, a process referred to as isomorphic substitution. This net negative charge on
the surface of the clay particle is balanced by soluble cations (counterions), e.g. Na+

ions. In the dry state, the counterions are located on the surface of the crystal, whereas
in the hydrated state they are in solution near the surface. The 2 : 1 layer lattice clays
have a unit cell ≈ 1 nm thick and, on hydration, water penetrates between the layers
and the negative charges of the surfaces repel causing the clays to swell. This swelling
can result in separation between (original) unit cells of a greater dimension than that
of the (original) unit cell. A schematic representation of a clay particle is shown in
Fig. 2.3. The surface charge and counterions form the electrical double layer.
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Fig. 2.3: Schematic representation of a clay par-
ticle.

2.2.4 Specific adsorption of ions

In some cases, specifically adsorbed ions (that have non-electrostatic affinity to the
surface) “enrich” the surface but may not be considered as part of the surface, e.g. bi-
valent cations on oxides, cationic and anionic surfactants onmost surfaces. In partic-
ular, ionic surfactants are often added as a component to disperse systems, as wetting
and dispersing agents for powders to produce solid/liquid dispersions (suspensions).
They are also added for emulsification of oils to produce oil/water emulsions. In most
cases the surfactant also acts as a stabilizer for the final suspension or emulsion. By
adsorption at the solid/liquid or liquid/liquid interface the surfactant ions produce a
charge (negative for anionic surfactants and positive for cationic surfactants) on the
surface of the particle or droplet. This charge is compensated by unequal distribution
of counterions (with opposite charge to the surface) and co-ions (with the same charge
of the surface) forming an electrical double layer. In some cases the charge on the par-
ticle or droplet is produced by adsorption of anionic or cationic polyelectrolytes. An
example is polyacrylates that are used to disperse many pigments such as titania.

2.3 Structure of the electrical double layer

Two main models for the electrical double were described, namely the diffuse double
layer model of Gouy and Chapman [4, 5] and its modification by Stern [6] and Gra-
ham [7]who introduced the concept of the nondiffuse part of the double layer resulting
from specific adsorption of counterions. Both models are described below.

2.3.1 Diffuse double layer (Gouy and Chapman)

Gouy and Chapman [4, 5] assumed that the charge is smeared out over a plane surface
immersed in an electrolyte solution. This surface has a uniform potential ψ0 and the
compensating ions are regarded as point charges immersed in a continuous dielectric
medium. The surface charge σ0 is compensated by unequal distribution of counter-
ions (opposite in charge to the surface) and co-ions (same sign as the surface) which
extend to some distance from the surface [4, 5]. The counterion and co-ion concentra-
tion ni near the surface can be related to the value in the bulk ni0 using the Boltzmann
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20 | 2 Origin of charge at interfaces and structure of the electrical double layer

distribution principle,

ni = ni0 exp[−Zieψx
kT

], (2.5)

where Zi is the valency of the ion i, e is the electronic charge, ψx is the potential at a
distance x from the surface, k is the Boltzmann constant and T is the absolute temper-
ature. Since the charge on the counterion is always opposite to that of the surface, the
exponent in equation (2.5) will always be negative for the counterion concentration
and positive for the co-ion concentration. Equation (2.5) shows that the concentration
of counterions increases close to the surface (positively adsorbed) whereas the co-ion
concentration is reduced near the surface (negative adsorption). Fig. 2.4 shows the
local ion concentration profiles according to equation (2.5).
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Fig. 2.4: Local ion concentration profiles: ψ0 = −30 mV, in 10−3 mol dm−3 NaCl.

The number of charges per unit volume, i.e. the space charge density ρ is given by,

ρ = ∑
i
niZie = −2n0Ze sinh[Zeψx

kT
]. (2.6)

Note that sinh x = (exp x − exp−x)/2.
A schematic picture of the diffuse double layer according to Gouy [4] and Chap-

man [5] is shown in Fig. 2.5. The potential decays exponentially with distance x.
Using the Poisson equation one can relate the charge density to the curvature of

potential,
∇2ψ(x) = − ρ

ε0εr
, (2.7)

where ∇2 is the Laplace operator which for a planer surface is d2ψ/dx2.
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Fig. 2.5: Schematic representation of the dif-
fuse double layer according to Gouy [4] and
Chapman [5].

Combining equations (2.6) and (2.7) gives the Poisson–Boltzmann equation for a
planer surface,

d2ψ
dx2

= 2n0Ze
ε0εr

sinh[Zeψ(x)
kT

]. (2.8)

εr is the permittivity (dielectric constant); 78.6 for water at 25 °C. ε0 is the permittivity
of free space (8.854 × 10−12 Fm−1) and n0 is the number of ions per unit volume of
each type present in bulk solution.

Equation (2.8) can be solved by considering the boundary condition: at x = 0,
ψ(x) = ψ0 and at x = ∞, ψ(x) = 0 and dψ(x)/dx = 0.

For small potentials (ψ(x) < 25mV), Zeψ(x)/kT < 1and sinhx ≈ x so that equation
(2.8) becomes.

d2ψ
dx2

≈ 2n0(Ze)2
ε0εrkT

ψ(x). (2.9)

Equation (2.9) is the well-known Debye–Huckel approximation whose solution is,

ψ = ψ0 exp−(κx) (2.10)

Note that when x = 1/κ, ψx = ψ0/e; 1/κ is referred to as the “thickness” of the double
layer.

The double layer extension depends on electrolyte concentration and valency of
the counterions,

(1
κ
) = ( εrε0kT

2n0Z2i e2
). (2.11)

The double layer extension increaseswith decreasing electrolyte concentration. It also
depends on the valency of the ions. An expression for (1/κ) in terms of the electrolyte
ionic strength I is,

(1
κ
) = ( εrε0RT

2000F2
)1/2I−1/2 in m−1 = 0.304I−1/2 in nm, (2.12)

where
I = ∑ ciZ2i . (2.13)

ci is the electrolyte concentration in mol dm−3.
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Increasing the ionic strength causes a decrease in (1/κ), that is referred to as
compression of the double layer. The distance (1/κ) is referred to as the thickness
of the double layer. For example, for KCl in water at 25 °C, (1/κ) = 96.17nm at I =
10−5 mol dm−3, decreasing to 3.04 nm at I = 10−2 mol dm−3. Approximate values of(1/κ) for KCl are given in Tab. 2.2.
Tab. 2.2: Approximate values of (1/κ) for 1 : 1 electrolyte (KCl).

C (mol dm−3) 10−5 10−4 10−3 10−2 10−1

(1/κ) (nm) 100 33 10 3.3 1

Equations (2.12) and (2.13) show that (1/κ) depends on the valency of the counter-
and co-ions. Fig. 2.6 shows the variation of (1/κ) with ci for various electrolytes with
different valences of both ions.

At higher potentials (> 25mV) the solution to equation (2.8) results in,

ψ(x) = 2kT
Ze

ln[
[
1 + exp(−κx) tanh( Zeψ0

4kT )
1 − exp(−κx) tanh( Zeψ0

4kT )]]
. (2.14)

For the case of sufficiently high potential such that tanh(x) ≈ 1 at x≫ 1 then exp(−κx)
is small and hence at long distances equation (2.14) reduces to,

ψ(x) ≈ 4kT
Ze

tanh(Zeψ0
4kT

) exp(−κx). (2.15)
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Fig. 2.6: Variation of double layer extension with electrolyte concentration for various valences
of ions.
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The charge per unit area on the surface σ0 (surface charge density) must balance that
in adjacent solution,

σ0 = −
∞

∫
0

ρ dx. (2.16)

Using equation (2.7),

σ0 = εrε0
∞

∫
0

d2ψ
dx2

dx = −εrε0(dψdx )
x=0

. (2.17)

For symmetrical electrolytes,

dψ
dx

= −2κkT
Ze

sinh
Zeψ
2kT

. (2.18)

Combining equations (2.6), (2.17) and (2.18),

σ0 = 4n0Ze
κ

sinh
Zeψ0
2kT

= 11.74c1/2 sinh(19.46Zψ0) in µC cm−2 (2.19)

for ψ0 and c in mol dm−3.
For unsymmetrical electrolytes,

σ0 = {2εrε0kT∑
i
ni[exp(−Zieψ0

kT
) − 1]}1/2

. (2.20)

For very small potentials,
σ0 = εrε0κψ0. (2.21)

For spherical particles, the solution of the Poisson–Boltzmann equation (2.8) is only
possible at low potentials (i.e. when using the Debye–Huckel approximation). In this
case it is usual to use polar coordinates instead of Cartesian coordinates that are used
for planer surfaces. The solution of equation (2.8) for a symmetrical electrolyte is,

1
r2

∂
∂r

r2
∂ψ(r)
∂r

= 2Zen0
ε0εr

sinh[Zeψ(r)
kT

], (2.22)

where r is the distance from the centre of the particles.
Using the Debye–Huckel approximation, one obtains the diffuse double layer po-

tential ψ(r) as a function of distance for particles with radius a,
ψ(r) = ψ0

a
r
exp[−κ(r = a)]. (2.23)

The surface charge σ0 is given by,

σ0 = ε0εrψ0(1 + κa)
a

. (2.24)

For potentials > 25mV, numerical solutions are available [8, 9].
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2.3.2 Stern–Grahame model of the double layer

Stern [6] recognized that the assumption in the Gouy–Chapman theory [4, 5], that the
electrolyte ions are regarded as point charges, is unsatisfactory. Also the assumption
that the solvent can be treated as a structureless dielectric of constant permittivity
is also unsatisfactory. He then introduced the concept of the nondiffuse part of the
double layer for specifically adsorbed ions, the rest being diffuse in nature. This is
schematically illustrated in Fig. 2.7.
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Fig. 2.7: Schematic representation of the double layer according to Stern and Grahame.

The potential drops linearly in the Stern region and then exponentially. Grahame [7]
distinguished two types of ions in the Stern plane, physically adsorbed counterions
(outer Helmholtz plane – OHP) and chemically adsorbed ions (that lose part of their
hydration shell) (inner Helmholtz plane – IHP). The outer Helmholtz plane is consid-
ered as the plane of closest approach of hydrated counterions, i.e. the Stern plane. The
inner Helmholtz plane is that of specifically adsorbed counterions which may have
lost part or their complete hydration shell. The number of these specifically adsorbed
ions may exceed the number of surface charges causing a reversal of the sign of the
potential as is illustrated in Fig. 2.8 for a positively charged surface with specifically
adsorbed anions.

For the specifically adsorbed ions the range of interaction is short, i.e. these
ions must reside at the distance of closest approach, possibly within the hydration
shell. For the indifferent ions the situation is different and these ions are subjected
to an attractive (for the counterions) or repulsive (for the co-ions) potential (energy =±ZFψ(x)/RT). The space charge density due to these ions is high near the surface and
decreases gradually with distance to its bulk value. Such a layer is the diffuse double
layer described by Gouy–Chapman [4, 5]. Generally speaking, a double layer contains
a part that is specifically adsorbed and a diffuse part. Because of the finite size of the
counterions there is always a charge-free layer near the surface.
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Fig. 2.8: Schematic representation of charge reversal by specifically adsorbed counterions.

A good example to illustrate the role of specific adsorption of the counterions is that
of a negative silica surface in the presence of three counterions, namely Li+, Ca2+ and
Al3+. This is shown in Fig. 2.9.
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Fig. 2.9: Influence of the nature of counterion on the interaction with a negative silica surface.

The strongly hydrated Li+ ion is weakly attached to the negative silica surface and
is probably located in the OHP. The potential-distance curve shows the location of
the Stern potential ψd. The bivalent Ca2+ ion is more strongly attached and is located
closer to the surface in the Stern plane. In contrast, the trivalent Al3+ ion is more
strongly adsorbed causing charge reversal with ψd becoming positive.
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Stern [6] considered the first layer of adsorbed ions to interact specifically with
the surface through a specific chemical adsorption potential θ. In this picture, the dis-
tance of closest approach to the surface is x1 so that the region 0 ≤ x < x1 is free of
charge. The diffuse part of the double layer starts at a distance x2 from the surface
and for x > x2 the specific interaction forces are negligible. The number of ions in
the region x1 ≤ x < x2 can be calculated using a Langmuir isotherm, modified by the
incorporation of a Boltzmann factor.

At equilibrium, the number of ions entering the adsorbed layer is equal to the
number leaving in unit time. The number entering, nads, is proportional to the mole
fraction of these ions in the bulk, xs, and the area available for adsorption,

nads = k1xs(N1 − ni), (2.25)

where k1 is the rate constant for the adsorption process, N1 is the total number of
adsorption sites and ni is the number of sites already occupied by adsorbed ions.

The number of ions leaving the adsorbed layer, ndes, is given by,

ndes = k2ni , (2.26)

where k2 is the rate constant for desorption.
The equilibrium constant for adsorption K = k1/k2 and from the second law of

thermodynamics, the standard free energy of adsorption per ion, ∆G0
ads, is given by,

∆G0
ads = −kT ln K = −kT ln k1

k2
(2.27)

Combining equations (2.25)–(2.27), the number of adsorbed ions in the Stern layer is
given by,

ni = xsN1( k1k2 )
1 + xs( k1k2 ) , (2.28)

and the surface charge density, σi, is given by,

σi = Zieni = Ziexs exp(−∆G0
ads

kT )
1 + xs exp(−∆G0

ads
kT ) . (2.29)

Allowing for the possibility of adsorption of both positive and negative ions and ex-
pressing exp(−∆G0

ads/kT) as b, one obtains the following expression for σi,
σi = ZieN1xs(b+ − b−)

1 + (b+ − b−)xs . (2.30)

Stern [6] considered the free energy of adsorption to be made up of an electrical con-
tribution, Zieψi, and a chemical contribution, θi. If the specific adsorption is confined
to one ion type, then equation (2.30) simplifies to,

σi = Z±eN1xs exp[−(Z±eψi + θ±)
kT

]. (2.31)
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2.3.3 Capacitance of the double layer

The dielectric displacement D (assumed to be continuous) in the inner region, 0 < x <
x1, is given by,

D = ε1ε0E = −ε1ε0 dψdx , (2.32)

where ε1 is the relative permittivity in the inner region and E is the field strength. For
x = 0, this quantity is equal to the surface charge as defined by equation (2.17).

Integration of equation (2.17) gives,

ψ0 − ψi = σ0x1
ε1ε0

. (2.33)

Applying the same procedure to the region x1 < x < x2 (the diffuse part of the double
layer),

ψi − ψd = − σd
ε2ε0

(x2 − x1). (2.34)

The above procedure amounts to treating the inner and diffuse layers as molecular
capacitors, characterized by sharp changes of permittivity between successive pairs
of plates. The principal effect of introducing the Stern layer is to lower the overall ca-
pacitance of the interfacial region, CT, since the Stern and diffuse layers are in series,

1
CT

= 1
Cinner

+ 1
Cdiffuse

(2.35)

The diffuse layer capacitance is given by the following expression,

Cdiffuse = dσd
dψd

= 228.5Zc1/2 cosh(19.46Zψd) µF cm−2, (2.36)

in water at 25 °C, for c in mol dm−3 and ψd in volts.
Equation (2.36) shows that Cdiffuse is very large, except when ψd and/or c are very

small. This means that Cdiffuse does not contribute effectively to CT. For very dilute so-
lutions near the point of zero charge (pzc), themeasured capacitance approaches that
given by equation (2.36). However, at higher concentrations and away from the pzc,
the much lower value attributable to Cinner is observed. Measurements at the drop-
ping mercury electrode suggest a value for Cinner in aqueous solution in the range
16–30 µF cm−2 [7] depending on the metal charge. For a simple molecular condenser
this means a value of x1/ε1ε0 ≈ 25pm in equation (2.33) and x2/ε2ε0 ≈ 60pm in
equation (2.34). This corresponds to values of x1 = 0.15nm and ε1 = 6 for the in-
ner Helmholtz plane and x2 = 0.6 nm and ε2 = 20 for the outer Helmholtz plane.

The difference between ε1 and ε2 is due to the very higher field strength in the
inner layer when compared to that in the outer layer. The potential drop in the inner
layer is often 0.1–1 V and since this occurs across a distance of less than 1 nm the field
strengths are ≈ 108–109 Vm−1. Such high field strengths cause considerable dipole ori-
entation with a consequent reduction in permittivity and a value of ε1 ≈ 6 is assigned
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Fig. 2.10: Variation of permittivity (a) and potential (b) with distance for the inner and outer
Helmholtz planes.

for the inner region. For the outer region with a thickness > 1 nm, the field strength
is lower and a somewhat lower level of water organization ε2 is assigned values in
the region of ≈ 20–40. A schematic representation of the variation of permittivity and
potential with distance x from the surface is shown in Fig. 2.10.

The specific adsorption of ions in the inner region is described in terms of the
discreteness of charge effect as first recognized by Frumkin [10]. The phenomenon
is described as the Esin and Markov effect [11] and it refers to the fact that the point
of zero charge of the mercury/solution interface, when measured against a reference
electrode with liquid junction, depends on electrolyte concentration if the electrolyte
is specifically adsorbed. An analogous procedure can be used in colloidal systems [12].
The importance of the discreteness of charge effect can explain a wide variety of ef-
fects that cannot be explained using the simple version of the Gouy–Chapman–Stern
theory. It also explains the fact that anion-specific adsorption can cause the negative
potential of the OHP to pass through a maximum value as the potential ψ0 is made
increasingly negative.

2.4 Double layer investigation

One of the earliest studies of the double layer was carried out using the mercury/
electrolyte interface [7]. In the majority of colloidal systems the dispersed particles
are insulating and to develop models of ion distribution one needs to use a conduct-
ing metal/solution interface. The dropping mercury electrode in aqueous electrolyte
represents a model metal/electrolyte system. The interface between liquid mercury
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and electrolyte solution is atomically smooth and continual renewal of the surface
minimizes contamination. In addition, the mercury/aqueous electrolyte interface is
ideally polarizable, i.e. charge carriers are not transferred across the interface, over a
wide range of potential differences [13].

Themost commonmethod for investigating double layers in disperse systems is to
use titration techniques that can be applied to obtain the surface charge as a function
of surface potential at different electrolyte concentrations and types. The first estab-
lished example of such a procedure was obtained using silver iodide sols since the
charge determining mechanism is well established. Both stable positive and negative
sols can be made and the material is rather inert and insoluble and not particularly
sensitive to light. In addition, Ag/AgI electrodes are very stable and the sol can be
titrated with Ag+ and I− ions while measuring the pAg and pI. Using material balance
one can determine the surface concentration of Ag+ and I− ions and this allows one
to calculate the surface charge σ0 using equation (2.1). In order to obtain the surface
charge per unit area of the interface one needs to know the specific surface area of
the AgI sol. The most appropriate procedure for determining the surface area is to
measure the expulsion of the co-ions from the increase in its concentration in solu-
tion. This is referred to as negative adsorption. The surface potential at each point of
titration can be calculated by application of the Nernst equation (2.2). This requires
knowledge of the point of zero charge and this can be located from the intersection
point of the titration curves at various electrolyte concentrations (in absence of any
specific adsorption). One of the earliest set of charge-pAg (or ψ0) curves for AgI in 1 : 1
electrolytes was obtained by Verwey [14] and de Bruyn [15] as illustrated by Lyklema
[16]. This is shown in Fig. 2.11.

To the negative side, σ0 becomes more negative, and on the positive side it be-
comes more positive as the electrolyte concentration increases. This is due to better
screening of the charge with increasing Csalt. However, the increase is far less than
predicted by the diffuse double layer theory.

The titration method was successfully applied for double layer investigations on
oxides. σ0 can be directly determined by titration of an oxide suspension in an aque-
ous solution of indifferent electrolyte (e.g. KCl) using a cell of the type,

E1 | oxide suspension | E2,
where E1 is an electrode reversible to H+ and OH− ions, such as a glass electrode, and
E2 is a reference electrode such as Ag–AgCl. A known mass m of solid oxide with a
specific surface area A (m2 g−1) is added to a known volume V of electrolyte solution
such as KCl or KNO3 (assuming there is no specific adsorption of ions) of known con-
centration (e.g. 10−2 mol dm−3 KCl or KNO3) [17] . The initial pH (called pH0) is noted
and the sample is titrated with, say, 10−2 mol dm−3 NaOH and the volume required to
achieve each solution pH might be as shown in Fig. 2.12. A suitable time must elapse
after each addition to establish equilibrium with the surface. If on the same diagram
one superimposes the titration curve for Vml of KCl or KNO3 alone, the volume v1
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Fig. 2.11: Surface charge–pAg (or ψ0) for AgI at various 1 : 1 electrolyte concentrations.

(in cm3) corresponds to the amount of base taken up by the oxide in order to establish
equilibrium with a solution of pH = pH1. The net increase in negative surface charge
per unit area is given by,

− (Γ+ − Γ−) = 10−5v1
mA

(2.37)

The quantity obtained from equation (2.37) is the relative amount of OH− adsorbed at
pH1. If this calculation is repeated for all pH > pH0 and the comparable data for acid
titration are also obtained, a plot of relative charge versus pH can be constructed at
various KCl or KNO3 concentrations as is illustrated in Fig. 2.13 (a). The point at which
all three isotherms cross one another can be identified as the pzc because only at that
point is the surface charge independent of the supporting electrolyte concentration
(assuming there is no specific adsorption). Fig. 2.13 (a) can then be redrawn as 2.13 (b)
to give the absolute value of σ0. This procedure amounts to finding the point at which
the Esin–Markovic coefficient β [11] is zero [18],

β = (∂σ0
∂μs

)
ψ0

= (∂σ0
∂μs

)
ai
, (2.38)

where ai is the activity of potential determining ion.
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Fig. 2.12: Schematic illustration of potentiometric titration to obtain the surface charge.

The determination of the surface charge density σ0 (µC cm−2) requires accurate deter-
mination of the specific surface area A. The particles are usually irregular in shape and
they may undergo Ostwald ripening on standing. This causes problems for determin-
ingA fromaverage particle size obtained say by electronmicroscopy. In addition,most
oxideparticles are not smooth and thismayunderestimate the area obtainedusing gas
adsorption and application of the BET equation. Measurement of the surface area us-
ing dye adsorption requires knowledge of the effective cross-sectional area of the dye
molecule and this may vary from one substrate to another. An appropriate method
for measuring the surface area is to measure the expulsion of the co-ions from the
increase in their concentration in solution, referred to as negative adsorption [19].

As an illustration, Fig. 2.14 shows the results of σ0–pH curves for homodisperse
haematite sols in the three concentrations of KCl (that is not specifically adsorbed) [20].

It can be seen that at low pH, σ0 becomes more positive with increasing KCl
concentration, whereas at high pH it becomes more negative. At one particular pH
(pH = 9.1) σ0 is independent of KCl concentration. At this pH, Γ+H = Γ−OH and this
defines the pzc. At pH < pzc, σ0 is positive since Γ+H > Γ−OH, whereas at pH > pzc, σ0 is
negative since Γ+H < Γ−OH.

Most oxides show similar behaviour to that shown in Fig. 2.14. However, this is not
the casewith precipitated silicawhich shows different trends as illustrated in Fig. 2.15,
where σ0 is plotted versus pH at four different KCl concentrations [21].
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Fig. 2.14: σ0–pH curves for homodisperse hematite sols in three KCl concentrations.

There is a common intersection point at pH ≈ 3, i.e. the pzc, indicating absence of
specific adsorption of K+ or Cl− ions. The charge increases progressively with increas-
ing pH reaching very high values at high pH and electrolyte concentrations. This high
surface charge was accounted for by assuming the presence of a porous gel layer on
the precipitated silica particles [22]. The basic idea is that H+ and OH− ions could pen-
etrate the surface layers of the oxide and react there with amphoteric –OH groups.
In this way quite large amounts of surface charge could develop whilst retaining a
reasonable separation between the charged groups. At the same time, if counterions
are permitted to enter this porous layer, the net electrical potential at the outer edge
of the porous layer would be considerably reduced in magnitude.
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3 Electrokinetic phenomena and zeta potential

3.1 Introduction

As mentioned in Chapter 2, one of the main characteristics of the electrical double
layer is the surface potential ψ0 which, as will be discussed in Chapter 4, determines
the magnitude of the double layer repulsion. Measurement of ψ0 is only possible for
colloidal systems that can be titratedwith potential determining ions, such as AgI and
oxides.Withmost colloidal systems that are stabilizedby adsorption of surfactant ions
this titration procedure is not possible. An indirect method of obtaining information
on the surface potential is to apply electrokinetic methods that can be used to obtain
the zeta potential that is closely related to ψ0. As we will see below, ζ can be equated
to ψ0 in particular in the absence of specific adsorption of counterions. In practice,
ζ is used in place of ψ0 for calculating the double layer repulsion.

3.2 Charge separation at interfaces and various
electrokinetic effects

Electrokinetic effects are the direct result of charge separation at the interface between
two phases I and II.When one of the phases is a polar liquid likewater, its dipolarmol-
ecules will tend to be oriented in a particular direction at the interface [1] and this will
generate a potential difference. If there are ions or excess electrons in one or both of
the phases, or ionogenic groups, therewill be a tendency for the electric charges to dis-
tribute themselves in a non-uniformway at the interface. This results in the formation
of an electrical double layer as discussed in detail in Chapter 2. For the present discus-
sion, we need only to simply describe the region between two adjoining surfaces as a
simple charge separation with the region near phase I having an excess charge of one
sign and the balancing charge being distributed in some way through the adjoining
surface regions of phase II. This is illustrated in Fig. 3.1.

Phase I

Phase II

Potential
Difference– – ––––

+ + + + +

Fig. 3.1: Schematic representation of charge separation at an interface.

https://doi.org/10.1515/9783110540895-004
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If the surface of phase I is positively charged, its electrostatic potential will be posi-
tive with respect to the bulk phase II. If phase II is a liquid containing ions, then as
one moves into phase II, the potential will decreases more or less regularly until it
becomes constant in the bulk liquid far from the surface phase I. For aqueous sys-
tems, “far from” means a distance greater than 5–200nm depending on electrolyte
concentration.

Consider a negatively charged surface; positive ions (counterions) are attracted to
the surface, whereas negative ions (co-ions) are repelled. This is schematically shown
in Fig. 3.2. If the surface of phase I is negatively charged, its electrostatic potential will
be negative relative to the bulk of phase II. If phase II is a liquid containing dissolved
ions, the potential will decrease more or less regularly, until it becomes constant in
bulk liquid far from the surface of phase I. Asmentioned above, the constant potential
is usually reached at a distance in the region of 5–200nm, depending on electrolyte
concentration. In most colloid systems the point p shown in Fig. 3.2 is at a distance of
about 1–50nm from the surface.
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+
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+Surface
(negatively 
charged)

p (1–50 nm)
Fig. 3.2: Schematic representation of charge
accumulation at an interface.

The accumulation of excess positive ions causes a gradual reduction in the potential
from its value ψ0 at the surface to 0 in bulk solution. At the point p from the surface,
one can define a potential ψx. As we will see later, the zeta potential is taken at the
point of the “shear plane” (which is an imaginary plane from the particle surface at
which one of the phases move tangentially past the second phase). The region where
the liquid has a negative electrostatic potential will accumulate an excess of positive
ions (counterions) and repel negative ions of the electrolyte (co-ions). It is this excess
of positive ions that gradually lowers the electrostatic potential (and the electric field)
to zero in bulk solution. The arrangement of negative charges on the surface of phase I
and the charges in phase II (counterions and co-ions) is referred to as the electrical
double layer at the interface as discussed in detail in Chapter 2.

Electrokinetic effects arise when one of the two phases is caused to move tangen-
tially past the second phase. The tangential motion can be caused by electric field,
forcing a liquid in a capillary, forcing a liquid in a plug of particles or by gravitational
field on the particles. This leads to four different types of electrokinetic phenomena.
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3.2.1 Electrophoresis

In electrophoresis, the movement of one phase is induced by the application of an
electric field (with a field strength E/l (Vm−1), where E is the potential difference ap-
plied and l is the distance between the two electrodes. This is schematically illustrated
in Fig. 3.3.

Particles

Solid Liquid Gas E

Fig. 3.3: Schematic set-up for electrophoresis.

In electrophoresis, afluidmoveswith respect to a solid, liquidor gas surface, i.e.move-
ment of one phase induced by application of an external electric field. One measures
the particle velocity v (m s−1) of the particles, droplets or air bubbles from which the
electrophoretic mobility u (velocity divided by field strength) can be calculated,

u = v(E/l) m2 V−1 s−1, (3.1)

where E is the applied potential and l is the distance between the two electrodes; E/l
is the field strength. For example, if the surface charge on the capillary surface is neg-
ative, the counterions, which are positive, will move towards the cathode.

3.2.2 Electro-osmosis

In this case, the solid is kept stationary (e.g. a capillary or porous plug), whereas the
liquid is allowed tomove under the influence of an electric field. The electric field acts
on the charges (ions) in the liquid. When these move, they drag liquid with them; one
observes movement of the liquid along the capillary from one electrode to the other.
For example, if the surface charge on the capillary surface is negative, the counterions,
which are positive, will move towards the cathode. Measurement of the velocity of the
liquid, or the volume of the liquid transported per unit current flow, gives information
on the net surface charge or the electrical potential in the neighbourhood of the wall.
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3.2.3 Streaming potential

The liquid is forced through a capillary or a porous plug (containing the particles)
under the influence of a pressure gradient. The excess charges near the wall (or the
surface of particles in the plug) are carried along by the liquid flow, thus producing an
electric field that can be measured by using electrodes and an electrometer.

3.2.4 Sedimentation potential (Dorn effect)

Particles (in a suspension) or droplets (in an emulsion) or gas bubbles in a foam are
allowed to settle or rise under the influence of gravity or a centrifugal field. When the
particlesmove (up or down depending on the density difference between the particles
and medium), they leave behind their ionic atmosphere. A potential difference (sedi-
mentation potential) develops in the direction of motion. If two electrodes are placed
in the sedimentation tube, one canmeasure a potential difference as a result of charge
separation. This is schematically shown in Fig. 3.4.
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Fig. 3.4: Schematic representation of the current flow which generates
the sedimentation potential.

3.3 The surface of shear and the zeta potential

In all electrokinetic phenomena [1], a fluid moves with respect to a solid surface. One
needs to derive a relationship between fluid velocity (which varies with distance from
the solid) and the electric field in the interfacial region. Themain problem in any anal-
ysis of electrokinetic phenomena is defining the plane at which the liquid begins to
movepast the surface of theparticle, droplet or air bubble. This is definedas the “shear
plane”, which is at some distance from the surface. One usually defines an “imagi-
nary” surface close to the particle surface within which the fluid is stationary. The
point just outside this imaginary surface is described as the surface of shear and the
potential at this point is described as the zeta potential (ζ ). A schematic representation
of the surface of shear, the surface and zeta potential is shown in Fig. 3.5.
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Fig. 3.5: Surface (plane) of shear.

The exact position of the plane of shear is not known; it is usually in the region of
few A. In some cases one may equate the shear plane with the Stern plane (the centre
of specifically adsorbed ions) although this may be an underestimate of its location.
Several layers of liquid may be immobilized at the particle surface (which means that
the shear plane is farther apart from the Stern plane). The particle, droplet or air bub-
ble plus its immobile liquid layer form the kinetic unit that moves under the influence
of the electric field. The viscosity of the liquid in the immobile sheath around the par-
ticles (η󸀠) is much larger than the bulk viscosity η. The permittivity of the liquid in this
liquid sheath ε󸀠 is also lower than the bulk permittivity (due to dielectric saturation
in this layer). In the absence of specific adsorption, the assumption is usually made
that ζ ≈ ψ0. The latter potential is the value that is commonly used to calculate the
repulsive energy between two particles.

3.4 Relationship between zeta potential and potential
distribution across the interface

For that purpose it is useful to consider the structure of the electrical double layer.
As discussed in Chapter 2, one of the earliest pictures of the double layer is that due
to Gouy and Chapman [2, 3], usually referred to as the diffuse double layer concept.
In this picture, it was assumed that the charge on the surface is “smeared out” and
this charge is compensated by a diffuse layer of counter- and co-ions that extends to
a distance from the surface (that depends on electrolyte concentration and valency).
A schematic representation of the diffuse double layer for a flat negatively charged
surface was shown in Fig. 2.2. In this case the negative surface charge is compensated
in bulk solution by unequal distribution of counter- and co-ions (excess counterions
and deficit of co-ions).
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The surface potential decays exponentially with the distance x from the particle
surface. For low potentials (ψ0 < 25mV), the potential ψ is related to the surface po-
tential ψ0 by the simple expression,

ψ = ψ0 exp(−κx), (3.2)

where κ is theDebye–Huckel parameter that is related to electrolyte concentration and
valency,

κ2 = ( e2 ∑ n2i z
2
i

εε0kT
), (3.3)

where e is the electronic charge, ni is the number of ions per unit volume, zi is the
valency of each type of ion, ε is the relative permittivity, ε0 is the permittivity of free
space, k is the Boltzmann constant and T is the absolute temperature.

For water at 25 °C,
κ = 3.88I1/2 (nm−1), (3.4)

where I is the ionic strength,
I = (1/2)∑ ciz2i , (3.5)

where ci is the concentration of ion i in mol dm−3. Note that the dimension of κ is in
reciprocal length and 1/κ is referred to as the double layer thickness. It is clear from
equation (3.2) that when κ = 1/x, ψ = ψ0/e; (1/κ) is referred to as the double layer
extension or thickness that depends on ci and zi. As an illustration, Tab. 3.1 shows the
values of (1/κ) for various concentrations of 1 : 1 electrolyte (e.g. NaCl).
Tab. 3.1: Double layer thickness for various concentrations of 1 : 1 electrolyte.

ci (mol dm−3) (1/κ) (nm)

10−5 100
10−4 33
10−3 10
10−2 3.3
10−1 1.0

It can be seen from Tab. 3.1 that as the electrolyte concentration increases, the thick-
ness of the double layer (1/κ) decreases. This amounts to compression of the double
layer with increasing electrolyte concentration.

As discussed in Chapter 2, Stern [4] introduced the concept of the nondiffuse part
of the double layer for specifically adsorbed ions, the rest being diffuse in nature.
The potential drops linearly in the Stern region and then exponentially. Grahame [5]
distinguished two types of ions in the Stern plane; physically adsorbed counterions,
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outer Helmholtz plane, and chemically adsorbed ions (that lose part of their hydration
shell), inner Helmholtz plane. The surface potential ψ0 decays linearly with x until
ψs (the position of the inner Helmholtz plane) and then ψd (the position of the outer
Helmholtz plane) and then exponentially with further a decrease in x. One usually
equates ψd with the zeta potential ζ , although the exact value of ζ cannot be assigned
from the above picture since the position of the shear plane is not identified in these
double layer theories. Clearly, if there is specific adsorption of counter- or co-ions in
the IHP, the above equality is not justified.

A schematic representation of the possible potential and charge distribution at
the interface is shown in Fig. 3.6. On oxides, the great majority of counterions (up to
90%) appear to be between the solid surface and the OHP. With AgI surface, on the
other hand, there is usually little or no charge in the IHP in the presence of simple
electrolytes like KNO3.

–
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Fig. 3.6: Potential and charge distribution according to Stern–
Grahame pictures [4, 5].

Measurement of zeta potential (ζ ) is valuable in determining the properties of disper-
sions. In addition it has many other applications in various fields: electrode kinetics,
electro-dialysis, corrosion, adsorption of surfactants and polymers, crystal growth,
mineral flotation and particle sedimentation.

Although measurement of particle mobility is fairly simple (particularly with the
development of automated instruments), the interpretation of the results is not. The
calculation of zeta potential from particle mobility is not straightforward since this
depends on the particle size and shape as well as the electrolyte concentration. For
simplicity we will assume that the particles are spherical.
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3.5 Calculation of zeta potential from particle mobility

3.5.1 Von Smoluchowski (classical) treatment [6]

Von Smoluchowski [6] considered the movement of the liquid adjacent to a flat,
charged surface under the influence of an electric field parallel to the surface (i.e.
electro-osmotic flow of the liquid). If the surface is negatively charged, there will be a
net excess of negative ions in the adjacent liquid and as theymove under the influence
of the applied field theywill draw the liquid alongwith them. The surface of shearmay
be taken as a plane parallel to the surface and distance δ from it. The velocity of the
liquid in the direction parallel to the wall, vz, rises from a value of zero at the plane of
shear to a maximum value, veo, at some distance from the wall, after which it remains
constant. This is illustrated in Fig. 3.7. veo is called the electro-osmotic velocity of the
liquid. The electrical potential ψ changes from its maximum negative value (ζ ) at the
shear plane to zero when vz reaches veo.

Consider a volume element of area A and thickness dx, as shown in Fig. 3.8. The
applied electric force in the z-direction is EzQ, where Ez is the field strength in the
z-direction and Q is the charge density in the volume element that is equal to ρA dx,
where ρ is the charge density per unit volume. This electric force is balanced by the
hydrodynamic force at the liquid surfaces, i.e.,

EzQ = EzρA dx = ηA(dvxdx
)
x
− ηA(dvxdx

)
x+dx

. (3.6)

Liquid velocity

Eletrostratic
potencial

Immobile
layer

+ ve

– ve

veo

x

v

ζ

δ

0

Fig. 3.7: Distribution of electrostatic potential near a charged surface and the resulting electro-
osmotic velocity under an applied field.
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Fig. 3.8: Force on a volume element of a liquid of area A containing charge Q.

Equation (3.6) can be written as,

Ezρ dx = −η(d2vx
dx2

)dx. (3.7)

From the Poisson equation,
d2ψ
dx2

= − ρ
εε0

. (3.8)

Combining equations (3.7) and (3.8),

Ezεε
d2ψ
dx2

dx = η
d2vx
dx2

dx. (3.9)

Equation (3.9) can be integrated twice from a point from the solid where ψ = 0 and
vz = veo up to the shear plane where vz = 0 and ψ = ζ , using the fact that for the first
integration both dψ/dx and dvx/dx are zero from the surface, i.e.,

veo
Ez

= uE = − εε0ς
η

, (3.10)

where uE is the electro-osmotic mobility. The negative sign indicates that when ζ is
negative, the space charge is positive and the liquid flows towards the negative elec-
trode.

In electro-osmoticmobility experiments one usuallymeasures the total volume of
liquid transported say in a capillary on application of the electric field. For a capillary
with constant cross section with radius r, the volume displaced per unit time, V, is
given by,

V = πr2veo = πr2εε0ζEz
η

. (3.11)
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The electric current, i, transported by the liquid is given by Ohm’s law,

i
Ez

= πr2λ0, (3.12)

where λ0 is the electrical conductivity.
Combining equations (3.11) and (3.12),

V
i
= εε0ζ

ηλ0
. (3.13)

In equation (3.13) the units can be in SI, ε0 = 8.854 × 10−12 CV−1 m−1, and if ζ is in
volts, η in Pa s (Nm−2 s), V/i is obtained inm3 C−1 orm3 s−1 per ampere of current used.

One may also use mixed units to obtain ζ in mV,

V (cm3 s−1)
i (mA) = 8.854 × 10−13εζ (mV)

η (Poise) × λ0(Ohm−1 cm−1) (3.14)

In equations (3.12)–(3.14), the assumption is made that the current is transported by
the bulk liquid, i.e. the contribution from the conductance near the wall or through
the solid (surface conductance) is small. However, if the contribution from the surface
conductance is significant, the accumulated charge in the double layer may lead to an
unusually high conductivity, especially at low electrolyte concentration. In this case,
equation (3.12) has to be modified to take into account the surface conductance λs,

i
Ez

= πr2λ0 + 2πrλs. (3.15)

Note that λs is in Ohm−1.
Equation (3.13) then becomes,

V
i
= εrε0ζ
η(λ0 + 2λs/r) (3.16)

The specific surface conductivity values are of the order of 10−9–10−8 for water in glass
capillaries so that significant effects on ζ -potential can be expected in 1mmcapillaries
at electrolyte concentrations below about 10−3.5 mol dm−3.

The above treatment can be applied to the electrophoretic motion of a large parti-
clewith a thin double layer (κR≫ 1). The liquid is regarded as fixed so that the particle
moves in the opposite direction from equation (3.10),

u = εrε0ζ
η

. (3.17)

uE is the electrophoretic mobility (Smoluchowski equation). For water at 25 °C, εr is
the relative permittivity of themedium; 78.6, ε0 is the permittivity of free space; 8.85 ×
10−12 Fm−1 and η is the viscosity of the medium; 8.9 × 10−4,

ζ = 1.282 × 106u. (3.18)

u is expressed in m2 V−1 s−1 and ζ in Volts.
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Equation (3.17) applies to the case where the particle radius R is much larger than
the double layer thickness (1/κ), i.e. κR ≫ 1. This is generally the case for particles
that are greater than 0.5 µm (when the 1 : 1 electrolyte concentration is lower than
10−3 mol dm−3, i.e. κR > 10),

3.5.2 The Huckel equation [7]

Soon after the publication by Debye and Huckel of the theory of the behaviour of
strong electrolytes, Huckel [7] re-examined the electrophoresis problem and obtained
a significantly different result from the Smoluchowski equation.

u = 2
3
εrε0ζ
η

(3.19)

The above equation applies for small particles (< 100nm) and thick double layers (low
electrolyte concentration), i.e. for the case κR < 1.

Equation (3.19) can be simply derived by balancing the electric force on the parti-
cle, QEz, with the frictional force given by Stokes’ law (6πηRvE), i.e.,

QEz = 6πηRvE, (3.20)

uE = vE
Ez

= Q
6πηR

. (3.21)

The electric charge Q is given by the following equation,

Q = 4πεε0(1 + κR)ζ. (3.22)

Combining equations (3.21) and (3.22) one obtains,

uE = 2εε0ζ
3η

(1 + κR). (3.23)

When κR ≪ 1, i.e. small particles with relatively thick double layers, equation (3.23)
reduces to equation (3.19).

A more rigorous derivation of equation (3.19) was given by Overbeek and Bijster-
bosch [8]. The actionof the electric field on thedouble layer, causing the liquid tomove
in accordance with equation (3.10), is called electrophoretic retardation because it
causes a reduction in the velocity of the migrating particle. Smoluchowski’s treat-
ment [6] assumes that this is the dominant force and that the particle’s motion is
equal and opposite to the liquid’s motion. Huckel [7], on the other hand, also made
proper allowance for the electrophoretic retardation in his analysis. However, asmen-
tioned above, equation (3.19) is only valid for small values of κR when electrophoretic
retardation is relatively unimportant and the main retarding force is the frictional
resistance of the medium. The electrophoretic retardation at small κR remains im-
portant in the description of electrolyte conduction. In this case one must consider
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the movement of ions of both positive and negative sign and the calculation of the
interaction effects for a large number of ions. In electrophoresis one considers only
the particle that is regarded as isolated in an infinite medium. For large particles with
thin double layers, essentially all of the electrophoretic retardation is communicated
directly to the particle.

3.5.3 Henry’s treatment [9]

Henry [9] accounted for the discrepancy between Smoluchowski’s and Huckel’s treat-
ment by considering the electric field in the neighbourhood of the particle. Huckel dis-
regarded the deformation of the electric field by the particle, whereas Smoluchowski
assumed the field to be uniform and everywhere parallel to the particle’s surface. As
shown in Fig. 3.9, these two assumptions are justified in the extreme cases of κR ≪ 1
and κR ≫ 1 respectively.

(a) (b)

Fig. 3.9: Effect of a nonconducting particle on the applied field. (a) κR ≪ 1; (b) κR ≫ 1. The broken
line is at a distance (1/κ) from the particle’s surface.

Henry [9] showed that when the external field is superimposed on the local field
around the particle, the following expression for the mobility is used,

u = 2
3
εrε0ζ
η

f(κR). (3.24)

The function f(κR) depends also on the particle’s shape. Values of f(κR) at increasing
values of κR are given in Tab. 3.2.

Tab. 3.2: Henry’s correction factor f(κR).

κR 0 1 2 3 4 5 10 25 100 ∞

f(κR) 1.0 1.027 1.066 1.101 1.133 1.160 1.239 1.370 1.460 1.500
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Henry’s calculations are based on the assumption that the external field can be su-
perimposed on the field due to the particle and hence it can only be applied for low
potentials (ζ < 25mV). It also does not take into account the distortion of the field
induced by the movement of the particle (relaxation effect).

Wiersema, Loeb and Overbeek [10] introduced two corrections for Henry’s treat-
ment, namely the relaxation and retardation (movement of the liquid with the double
layer ions) effects.
(i) Distortion of the field induced by the movement of the particles (distortion of the

double layer symmetry and its reformation). This is referred to as the relaxation
effect.

(ii) Movement of the liquid with the double layer ions, which results in reduction of
themobility of the integratingparticles. This is referred to as the retardation effect.

By considering these two effects Loeb, Wiersema and Overbeek [9] derived exact ex-
pressions for the relationship between mobility and zeta potential for all κR values
and any value of ζ -potential. Numerical tabulation of the relation between mobility
and zeta potential has been given by Ottewill and Shaw [11]. Such tables are useful for
the conversion of u to ζ at all practical values of κR.

3.6 Measurement of electrophoretic mobility and zeta potential

3.6.1 Ultramicroscopic technique (microelectrophoresis)

This is the most commonly used method since it allows direct observation of the
particles using an ultramicroscope (suitable for particles that are larger than 100nm).
Microelectrophoresis has many advantages since the particles can be measured in
their normal environment. It is preferable to dilute the suspension with the super-
natant liquid which can be produced by centrifugation. Basically, a dilute suspension
is placed in a cell (that can be circular or rectangular) consisting of a thin walled
(≈ 100 µm) glass tube that is attached to two larger bore tubes with sockets for placing
the electrodes. The cell is immersed in a thermostat bath (accurate to ±0.1 °C) that
contains an attachment for illumination and a microscope objective for observing
the particles. It is also possible to use a video camera for directly observing the
particles. A schematic representation of an electrophoresis apparatus is shown in
Fig. 3.10 [13].

Since the glass walls are charged (usually negative at practical pH measure-
ments), the solution in the cell will in general experience electro-osmotic flow. Thus,
the observed motion of the particle when the field is applied, vp, is the sum of its true
velocity, vE, and the total liquid velocity, vl. The latter varies with the distance r from
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Fig. 3.10: Schematic representation of an electrophoresis apparatus.

the axis in accordance with Poiseulle’s equation,

vl = p
(a2 − r2)
4ηℓ , (3.25)

where p is the back pressure, a is the tube radius and ℓ is its length.
Thus, only where the electro-osmotic flow is zero, i.e. the so-called stationary

level, can the electrophoretic mobility of the particles be measured. To establish the
position of the stationary level, let us consider the situation in a microelectrophoresis
cell of circular cross section as schematically represented in Fig. 3.11.

Solution

Return flowVco

Cell woll

Fig. 3.11: Flow conditions within a closed cylin-
drical electrophoretic cell with electric field
applied.
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The electro-osmotic effects give rise to a solution velocity veo uniform across the cell
cross section, towards the electrode of the same sign as the charge on the cell wall.
If the cell is closed, a reverse flow will be set up and there will be no net transport
of liquid. This is also the case if the cell is not closed, once the necessary hydrostatic
pressure is built up. The reverse flow follows Poiseulle’s law, where the condition of
no net liquid transport is set by the following equation,

r=a

∫
r=0

2πvr dr = 0, (3.26)

v = veo − C(a2 − r2), (3.27)

where C is a constant which from equations (3.25) and (3.26) is given by,

C = 2veo
a2

, (3.28)

v = veo[(2r2a2 ) − 1] (3.29)

At the cell wall, r = a and v = veo as expected. At the centre, r = 0 and v = −veo, i.e.
the velocity of the liquid flow is equal in magnitude but opposite in direction to that
at the wall. The condition for zero liquid velocity is given by the condition,

2r2

a2
= 1, (3.30)

or,

r = (1
2
)1/2a = 0.707a. (3.31)

Thus, the stationary level is located at a distance of 0.707 of the radius from the centre
of the tube or 0.146 of the internal diameter from the wall. By focusing themicroscope
objective at the top and bottom of the walls of the tube, one can easily locate the posi-
tion of the stationary levels. The average particle velocity is measured at the top and
bottom stationary levels by averaging at least 20 measurements in each direction (the
eye piece of the microscope is fitted with a graticule).

For large particles (> 1 µm and high density) sedimentation may occur during the
measurement. In this case one can use a rectangular cell and observe the particles
horizontally from the side of the glass cell. This is illustrated in Fig. 3.12.

The position of the stationary levels within the rectangular cell is more difficult to
assign and it depends on the ratio of the two axes a and b in Fig. 3.12. When a/b = ∞,
v(x = 0) = 0 when y/b = 0.5774 so that the stationary levels are at 0.211 of the cell
thickness 2b from both the front and back walls. The position of the stationary levels
for other values of a/b are given in Tab. 3.3.

Several commercial instruments for measuring electrophoretic mobility are avail-
able (e.g. Rank Brothers, Bottisham, Cambridge, England and Pen Kem in USA).

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



52 | 3 Electrokinetic phenomena and zeta potential

x

y

2b

2a

Direction of viewing

Fig. 3.12: Schematic diagram of the rectangular cell.

Tab. 3.3: Position of stationary levels in rectangular cells.

a/b (b − y)/2b

∞ 0.211
50 0.208
20 0.202
10 0.196

3.6.2 Laser velocimetry technique

This method is suitable for small particles that undergo Brownian motion [12]. The
scattered light by small particles will show intensity fluctuation as a result of the
Brownian diffusion (Doppler shift). When a light beam passes through a colloidal dis-
persion, an oscillating dipole movement is induced in the particles, thereby radiating
the light. Due to the random position of the particles, the intensity of scattered light,
at any instant, appears as random diffraction (“speckle” pattern). As the particles un-
dergo Brownian motion, the random configuration of the pattern will fluctuate, such
that the time taken for an intensity maximum to become a minimum (the coherence
time), corresponds approximately to the time required for a particle tomove onewave-
length λ. Using a photomultiplier of active area about the diffraction maximum (i.e.
one coherent area) this intensity fluctuation can bemeasured. The analogue output is
digitized (using a digital correlator) that measures the photocount (or intensity) corre-
lation function of scattered light. The intensity fluctuation is schematically illustrated
in Fig. 3.13.
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Fig. 3.13: Schematic representation of intensity
fluctuation of scattered light.

The photocount correlation function G(2)(τ) is given by,
g(2) = B[1 + γ2g(1)(τ)]2, (3.32)

where τ is the correlation delay time.
The correlator compares g(2)(τ) for many values of τ. B is the background value to

which g(2)(τ) decays at long delay times. g(1)(τ) is the normalized correlation function
of the scattered electric field and γ is a constant (≈ 1).

For monodispersed non-interacting particles,

g(1)(τ) = exp(−Γγ). (3.33)

Γ is the decay rate or inverse coherence time, that is related to the translational diffu-
sion coefficient D,

Γ = DK2 (3.34)

where K is the scattering vector,

K = (4πn
λ0

) sin( θ
2
). (3.35)

The particle radius R can be calculated from D using the Stokes–Einstein equation,

D = kT
6πη0R

, (3.36)

where η0 is the viscosity of the medium.
If an electric field is placed at right angles to the incident light and in the plane

defined by the incident and observation beam, the line broadening is unaffected but
the centre frequency of the scattered light is shifted to an extent determined by the
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electrophoretic mobility. The shift is very small compared to the incident frequency
(≈ 100Hz for an incident frequency of ≈ 6 × 1014 Hz) but with a laser source it can
be detected by heterodyning (i.e. mixing) the scattered light with the incident beam
and detecting the output of the difference frequency. A homodyne method may be
applied, in which case a modulator to generate an apparent Doppler shift at the mod-
ulated frequency is used. To increase the sensitivity of the laser Doppler method, the
electric fields are much higher than those used in conventional electrophoresis. The
Joule heating is minimized by pulsing of the electric field in opposite directions. The
Brownian motion of the particles also contributes to the Doppler shift and an approx-
imate correction can be made by subtracting the peak width obtained in the absence
of an electric field from the electrophoretic spectrum. An He-Ne laser is used as the
light source and the output of the laser is split into two coherent beams which are
cross-focused in the cell to illuminate the sample. The light scattered by the particle,
together with the reference beam is detected by a photomultiplier. The output is am-
plified and analysed to transform the signals to a frequency distribution spectrum. At
the intersection of the beams, interferences of known spacing are formed.

A schematic diagram of a laser-Doppler electrophoresis apparatus [13] is shown
in Fig. 3.14.
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Fig. 3.14: Schematic diagram of a laser-Doppler electrophoresis apparatus: P1, P2 – pinholes
(200 and 100 µm radii); PM – photomultiplier; FFT – spectrum analyser; PG – pulse generator.
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Themagnitude of the Doppler shift ∆v is used to calculate the electrophoreticmobility
u using the following expression,

∆V = (2n
λ0

) sin( θ
2
)uE, (3.37)

where n is the refractive index of the medium, λ0 is the incident wavelength in vac-
uum, θ is the scattering angle and E is the field strength.

Several commercial instruments are available for measuring electrophoretic light
scattering:
(i) The Coulter DELSA 440SX (Coulter corporation, USA) is a multi-angle laser

Doppler system employing heterodyning and autocorrelation signal process-
ing. Measurements are made at four scattering angles (8, 17, 25 and 34°) and
the temperature of the cell is controlled by a Peltier device. The instrument re-
ports the electrophoretic mobility, zeta potential, conductivity and particle size
distribution.

(ii) Malvern (Malvern Instruments, UK) ZetaSizer which is a laser Doppler system us-
ing crossed beam optical configuration and homodyne detectionwith photon cor-
relation signal processing. The zeta potential is measured using laser Doppler ve-
locimetry and the particle size ismeasured using photon correlation spectroscopy
(PCS). The ZetaSizer uses PCS to measure both movement of the particles in an
electric field for zeta potential determination and random diffusion of particles at
different measuring angles for size measurement on the same sample. The man-
ufacturer claims that zeta potential for particles in the range 50 nm to 30 µm can
be measured. A Peltier device is used for temperature control.

3.6.3 Electroacoustic methods

The mobility of a particle in an alternating field is termed dynamic mobility, to distin-
guish it from the electrophoretic mobility in a static electric field described above [13].
The principle of the technique is based on the creation of an electric potential by a
sound wave transmitted through an electrolyte solution, as described by Debye [14].
The potential, termed the ionic vibration potential (IVP), arises from the difference in
the frictional forces and the inertia of hydrated ions subjected to ultrasound waves.
The effect of the ultrasonic compression is different for ions of different masses and
the displacement amplitudes are different for anions and cations. Hence the sound
waves create periodically changing electric charge densities. This original theory of
Debye was extended to include electrophoretic, relaxation and pressure gradient
forces [15, 16].

Amuch stronger effect can be observed in colloidal dispersions. The soundwaves
transmitted by the suspension of charged particles generate an electric field because
the relativemotion of the two phases is different. The displacement of a charged parti-
cle from its environment by the ultrasound waves generates an alternating potential,
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termed colloidal vibration potential (CVP). The IVP and CVP are both called ultra-
sound vibration potential (UVP).

The converse effect, namely the generation of soundwaves by an alternating elec-
tric field [18] in a colloidal dispersion can bemeasured and is termed the electrokinetic
sonic amplitude (ESA). The theory for the ESA effect has been developed by O’Brian
and co-workers [19–23]. The dynamicmobility can be determined bymeasuring either
UVP or ESA, although in general the ESA is the preferred method. Several commercial
instruments are available for measuring dynamic mobility:
(i) the ESA-8000 system from Matec Applied Sciences that can measure both CVP

and ESA signals;
(ii) the Pen Kem System 7000 Acoustophoretic titrator that measures the CVP, con-

ductivity, pH, temperature, pressure amplitude and sound velocity.

In the ESA system (from Matec) and the AcoustoSizer (from Colloidal Dynamics) the
dispersion is subjected to a high frequency alternating field and the ESA signal is
measured. The ESA-8000 operates at constant frequency of ≈ 1MHz and the dynamic
mobility and zeta potential (but not particle size) are measured. The AcoustoSizer op-
erates at various frequencies of the applied electric field and canmeasure the particle
mobility, zeta potential and particle size.

The frequency synthesizer feeds a continuous sinusoidal voltage into a grated am-
plifier that creates a pulse of sinusoidal voltage across the electrodes in the dispersion.
The pulse generates sound waves which appear to emanate from the electrodes. The
oscillation, the back-and-forth movement of the particle caused by an electric field, is
the product of the particle charge times the applied field strength. When the direction
of the field is alternating, particles in the suspensionbetween the electrodes are driven
away towards the electrodes. Themagnitude andphase angle of theESA signal created
ismeasuredwith a piezoelectric transducermounted on a solid nonconductive (glass)
rod attached to the electrode as illustrated in Fig. 3.15. The purpose of this nonconduc-
tive acoustic delay line is to separate the transducer from the high-frequency electric
field in the cell. Three pulses of the voltage signal are recorded as schematically shown
in Fig. 3.16. The first pulse of the signal, shown on the left, is generated when the volt-
age pulse is applied to the sample and is unrelated to the ESA effect. This first pulse
of the signal is received before the sound has sufficient time to pass down the glass
rod and is electronic crosstalk deleted during data processing. The second and third
pulses are ESA signals. The second pulse is detected by the nearest electrode. This
pulse is used for data processing to determine the particle size and zeta potential. The
third pulse originates from the other electrode and is deleted.

In addition to the electrodes, the sample cell of the ESA instruments also houses
sensors for pH, conductivity and temperature measurements. It is also equipped with
a stirrer and the system is linked to a digital titrator for dynamic mobility and zeta
potential measurements as a function of pH.
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Input voltage

Transducer

Colloid

Glass rod

Fig. 3.15: Schematic representation of the AcoustoSizer cell.

Fig. 3.16: Signals from the right hand transducer.

To convert the ESA signal to dynamic mobility one needs to know the density of the
disperse phase and dispersion medium, the volume fraction of the particles and the
velocity of sound in the solvent. As shown before, to convert mobility to zeta potential
one needs to know the viscosity of the dispersionmedium and its relative permittivity.
Because of the inertia effects in dynamic mobility measurements, the weight average
particle size has to be known.

For dilute suspensions with a volume fraction ϕ = 0.02, the dynamic mobility ud
can be calculated from the electrokinetic sonic amplitude AESA(ω) using the following
expression [18, 19],

AESA(ω) = Q(ω)ϕ(∆ρ/ρ)(ud), (3.38)

where ω is the angular frequency of the applied field, ∆ρ is the density difference be-
tween the particle (with density ρ) and the medium. Q(ω) is an instrument-related
coefficient independent of the system being measured.

For a dilute dispersion of spherical particles with ϕ < 0.1, a thin double layer
(κR > 50) and narrow particle size distribution (with standard deviation < 20% of the
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mean size), ud can be related to the zeta potential ζ by the equation [18],

ud = 2ες
3η

G(ωR2

ν
)[1 + f(λ, ω)], (3.39)

where ε is the permittivity of the liquid (that is equal to εrε0, defined before), R is the
particle radius, η is the viscosity of the medium, λ is the double layer conductance
and ν is the kinematic viscosity (= η/ρ). G is a factor that represents particle inertia,
which reduces the magnitude of ud and increases the phase lag in a monotonic fash-
ion as the frequency increases. This inertia factor can be used to calculate the particle
size from electroacoustic data. The factor [1 + f(λ, ω)] is proportional to the tangen-
tial component of the electric field and dependent on the particle permittivity and a
surface conductance parameter λ. For most suspensions with large κR, the effect of
surface conductance is insignificant and the particle permittivity/liquid permittivity
εp/ε is small. In most cases where the ionic strength is at least 10−3 mol dm−3 and a
zeta potential < 75mV, the factor [1 + f(λ, ω)] assumes the value 0.5. In this case the
dynamic mobility is given by the simple expression,

ud = ες
η
G(α). (3.40)

Equation (3.40) is identical to the Smoluchowski equation (3.17), except for the inertia
factor G(α).

The equation for converting the ESAamplitude,AESA, to dynamicmobility is given
by,

ud = AESA
ϕvs∆ρ

G(α)−1. (3.41)

The zeta potential ζ is given by,

ς = udη
ε

G(α)−1 = AESA
ϕvs∆ρ

G(α)−1. (3.42)

For a polydisperse system ⟨ud⟩ is given by,
⟨ud(ω)⟩ =

∞

∫
0

u(ω, R)p(R)dR, (3.43)

where u(ω, R) is the average dynamic mobility of particles with radius R at a fre-
quency ω, and pRdR is themass fraction of particles with radii in the range R ± dR/2.

The ESA measurements can also be applied for determining the particle size in
a suspension from particle mobilities. The electric force acting upon a particle is op-
posed by the hydrodynamic friction and inertia of the particles. At low frequencies of
alternating electric field, the inertial force is insignificant and the particlemoves in the
alternating electric field with the same velocity as it would have moved in a constant
field. The particle mobility at low frequencies can be measured to calculate the zeta
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potential. At high frequencies, the inertia of the particle increases causing the veloc-
ity of the particle to decrease and the movement of the particle to lag behind the field.
This is illustrated in Fig. 3.17 which shows the variation of applied field and particle
velocity with time. Since inertia depends on particle mass, both of these effects de-
pend on the particle mass and consequently on its size. Hence both zeta potential and
particle size can be determined from the ESA signal, if the frequency of the alternating
field is sufficiently high. This is the method that is provided by the AcoustoSizer from
Colloidal Dynamics.

Time delay Δt

Applied field
Particle velocity

Time

E
V

Fig. 3.17: Variation of applied field and particle velocity with time at high frequency.

Several variables affect the ESA measurements and these are listed below:
(i) Particle concentration range: Very dilute suspensions generate a weak signal and

are not suitable for ESAmeasurements. Themagnitude of the ESA signal is propor-
tional to the average particle mobility, the volume fraction of the particles ϕ and
the density difference between the particles and the medium ∆ρ. To obtain a sig-
nal that is at least one order of magnitude higher than the background electrical
noise (≈0.002mPaM/V) the concentration and/or the density difference have to
be sufficiently large. If the density difference between the particles andmedium is
small, e.g. polystyrene latexwith ∆ρ ≈ 0.05, then a sufficiently high concentration
(ϕ > 0.02) is needed to obtain a reasonably strong ESA signal. The accuracy of the
ESAmeasurement is also not good at highϕ values. This is due to the nonlinearity
of the ESAamplitude-ϕ relationship at highϕ values. Suchdeviation becomes ap-
preciable atϕ > 0.1. However, reasonable values of zeta potential can be obtained
from ESA measurements up to ϕ = 0.2. Above this concentration, the measure-
ments are not sufficiently accurate and the results obtained can only be used for
qualitative assessment.

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



60 | 3 Electrokinetic phenomena and zeta potential

(ii) Electrolyte effects: Ions in the dispersion generate electroacoustic (IVP) potential
and the ESP signal is therefore a composite of the signals created by the particles
and ions. However, the ionic contribution is relatively small, unless the parti-
cle concentration is low, their zeta potential is low and the ionic concentration
is high. The ESA system is therefore not suitable for dynamic mobility and zeta
potential measurements in systems with electrolyte concentration higher than
0.3mol dm−3 KCl.

(iii) Temperature: Since the viscosity of the dispersion decreases by ≈ 2% per °C and
its conductivity increases by about the same amount, it is important that temper-
ature is accurately controlled using a Peltier device. Temperature control should
also bemaintained during sample preparation, for example when the suspension
is sonicated. To avoid overheating, the sample should be cooled in an ice bath at
regular intervals during sonication.

(iv) Calibration and accuracy: The electroacoustic probe should be calibrated using
a standard reference dispersion such as polystyrene latex or colloidal silica (Lu-
dox). The common sources of error are unsuitable particle concentration (too low
or too high), irregular particle shape, polydispersity, electrolyte signals, tempera-
ture variations, sedimentation, coagulation and entrained air bubbles. The latter
in particular can cause erroneous ESA signal fluctuations resulting from weak-
ening of the sound by the air bubbles. In many cases the zeta potential results
obtained using the ESA method do not agree with those obtained using other
methods such as microelectrophoresis or laser velocimetry. However, the differ-
ence seldom exceeds 20% and this makes the ESA method more convenient for
measurement of many industrial methods. The main advantages are the speed of
measurement and that the dispersion does not need to be diluted, which could
change the state of the suspension.
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4 Double layer repulsion

4.1 Introduction

The origin of electrostatic interactions is due to the double layer overlap that occurs
when the surface-to-surface distance becomes smaller than twice the double layer
thickness. When two particles or droplets, each containing an electrical double layer
with extension or thickness (1/κ) approach to a surface-to-surface separation dis-
tance h that is smaller than (2/κ) the double layers cannot completely develop and
the potential ψ1/2 at themid-plane between the particles or droplets is no longer zero,
thus resulting in strong repulsion. As discussed in Chapter 2, the double layer exten-
sion depends on electrolyte concentration and valency of indifferent electrolytes. This
clearly shows the strong dependence of double layer repulsion on the concentration of
indifferent electrolytes. Asdiscussed inChapter 2, an increase in electrolyte concentra-
tion causes a reduction in the diffuse double layer potential, ψdiffuse, and compression
of the double layer, i.e. reduction of the Debye length κ−1. Both of these effects affect
the colloid stability of lyophobic colloids as will be discussed in Chapter 6.

In this chapter, I will start with a general description of the electrostatic repul-
sion in terms of the double layer property, double layer potential, particle size and
electrolyte concentration and valency. Both cases of constant potential and constant
charge that is maintained on particle approach are described. This is followed by a
section on the interaction between similar and dissimilar double layers for flat plates.
Calculationof thedouble layer interactionusing theGibbs approach is thendescribed.
The modification of the theory of interaction between flat plates for the case of spher-
ical particles is then described. The effect of increasing electrolyte concentration and
valency aswell as the Stern potential is then described. Finally, the effect of increasing
particle number concentration of double layer repulsion is described.

4.2 General expression for electrostatic repulsion

A general expression can be written to describe the electrostatic repulsion, Gelec, in
terms of the double layer property f(DL) determined by the relative permittivity, parti-
cle size, the double layer potential, ψdiffuse, and an exponential function determined
by the Debye length and separation distance h [1],

Gelec = f(DL)ψ2
diffuse exp(−κh). (4.1a)

(1/κ) is the Debye length that is referred to as the “thickness of the double layer” and
is given by the following equation,

(1
κ
) = ( εrε0kT

2n0Z2i e2
)1/2

, (4.1b)

https://doi.org/10.1515/9783110540895-005
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64 | 4 Double layer repulsion

where εr is the relative permittivity, ε0 is the permittivity of free space, k is the Boltz-
mann constant, T is the absolute temperature, n0 is the electrolyte concentration, Zi is
the valency of the ion and e is the electronic charge.

For two particles of different, but not too high, diffuse double layer potential, at
large κh,

Gelec = f(DL)ψd
1ψ

d
2 exp(−κh). (4.2)

In the original theory developed by Deryaguin–Landau [2], Verwey–Overbeek [3] (re-
ferred to as DLVO theory), the assumption was made that on the approach of surfaces
the surface potentials remain constant and equal to that at infinite separation of the
surfaces. This requires adjustment of the surface charge by surface charge regulation.
In this case the isolated double layers form spontaneously by adsorption and/or des-
orption of potential determining ions. This is referred to as the “constant potential”
case. However, with many surfaces the charge is fixed, e.g. in clay particles, and on
surface approach the surface potential has to be adjusted to keep the surface charge
constant. This situation is referred to as the “constant charge” case.

A schematic representation of the constant charge and constant potential cases
was given by Lyklema [1] in Fig. 4.1.
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Fig. 4.1: Schematic representation of constant charge (A) and constant potential cases [1].
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4.3 Interaction between similar and dissimilar flat plates

This is illustrated in Fig. 4.2 for twoflat plateswhereby the surface separation becomes
less than twice the double layer extension [4]. The individual double layers can no
longer develop unrestrictedly, since the limited space does not allow complete poten-
tial decay. The potential ψH/2 half way between the plates is no longer zero (as would
be the case for isolated particles at x→∞). The potential distribution at an interparti-
cle distance H is schematically depicted by the full line in Fig. 4.2. The Stern potential
ψd is considered to be independent of the particle distance. The dashed curves show
the potential as a function of distance x to theHelmholtz plane, had the particles been
at infinite distance.
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Fig. 4.2: Potential profile between two planer surfaces at 25 mV, in 10−3 mol dm−3 NaCl.

A simple model to obtain Gelec is to calculate the ion concentration between the sur-
faces in order to obtain the osmotic pressure difference between the surfaces and the
bulk electrolyte, i.e. the excess osmotic pressure at the mid-plane position between
the surfaces separated by a distance h. At h/2, dψx/dx = 0 and ψx = ψm.

The difference in ionic concentration at the mid-plane and the bulk electrolyte
gives the osmotic pressure Π(H),

Π(H) = kT(n+ + n− − 2n0) (4.3)
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Using the Boltzmann distribution,

ni = ni0 exp[Zieψ(x)kT
], (4.4)

where Zi is the ion valency, e is the electronic charge, k is the Boltzmann constant and
T is the absolute temperature, equation (4.2) becomes,

Π(H) = 2n0kT[cosh(Zeψm
kT

) − 1]. (4.5)

For small potentials equation (4.5) reduces to,

Π(H) ≈ κ2εrε0
2

ψm, (4.6)

where εr is the relative permittivity of the medium, ε0 is the permittivity of free space.
The mid-plane potential ψm is equal to twice the potential at the mid-plane,

ψm = 2ψ(H/2). (4.7)

Equation (4.6) becomes,

Π(H) ≈ κ2εrε0
2

[2ψd exp(− κH2 )]2 = 2κ2εrε0ψ2
d exp(−κH). (4.8)

The electrostatic repulsion is then given by,

Gelec = −
H

∫
∞

Π(H)dH. (4.9)

Using the boundary conditions: Π(H) → 0 as H → ∞,

Gelec = 2κεrε0ψ2
d exp(−κH). (4.10)

Replacing the Stern potential ψd with the zeta potential ζ ,

Gelec ≈ 2κεrε0ς2 exp(−κH). (4.11)

For higher potentials, the Debye–Huckel approximation cannot be justified, but for
weak overlap, i.e. κH > 1, the local potentials, estimated from the isolated surfaces,
can still be simply added and this results in the following expression for the double
layer repulsion,

Gelec = 64n0kT
κ

tanh2(Zeψd
4kT

) exp(−κH). (4.12)

For two flat plates with different Stern potentials ψd1 and ψd2, one obtains he follow-
ing expression in the Debye–Huckel limit [5],

Gelec = εrε0κ
2

[(ψ2
d1 + ψ2

d2){1 − coth(κH) + 2ψd1ψd2 cosech(κH)}] (4.13)
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Fig. 4.3: Gelec versus H for two flat plates with equal Stern potential (dashed line) and two different
Stern potentials (solid line).

For comparison, Fig. 4.3 shows the Gelec–H curve for flat plates with equal Stern po-
tential of −20mV and that for two flat plates with different Stern potentials of −25 and
−15mV. The curve for the flat plates at equal Stern potential shows the expected re-
sult of the exponential decay of Gelec with H. In contrast, the curve for two flat plates
with different Stern potential shows amaximum in the interaction energy at κH = 0.5,
but with a further decrease in H beyond the maximum, Gelec begins to decrease and
at close separations, the interaction becomes attractive. This result is very important
and it illustrates the possibility of heterocoagulation of some materials with similar
sign charge when the Stern potentials are different.

4.4 Calculation of electrostatic interaction
using the Gibbs energy concept

Deryaguin, Landau [2], Verwey and Overbeek [3] calculated the electrostatic interac-
tion by computing the Gibbs energy G of the system at any distance h by an isothermal
reversible charging process [1]. For one flat isolated diffuse double layer, the free en-
ergy change ∆Gσd

a is given by,
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∆Gσd
a = 8cRT

κ
[cosh Zyd

2
− 1]. (4.14)

For a Gouy–Stern double layer,

∆Gσ
a = −(σ0)2

2Ci1
− (σd)2

2Ci2
− 8cRT

κ
[cosh(Zyd

2
− 1)]. (4.15)

In the above equations, ∆ refers to the difference with respect to the reference state,
i.e. the uncharged surface; the subscript ‘a’ means G is counted per unit area. The
quantities σ0 and σd are the surface anddiffuse charge densities (note that σ0 + σd = 0,
because of electroneutrality). Ci1 and C

i
2 are the inner and outer Helmholtz layer differ-

ential capacities. y is the dimensionless potential (yd = Fψd/RT) and Z is the valency
of the symmetrical electrolyte.

If one computes the Gibbs energy for two interacting double layers, then the Gibbs
free energy of electric repulsion per unit area is obtained by subtraction of twice equa-
tion (4.14) or (4.15). Upon interaction, variation of these ∆Gσ

a ’s as a function of h has
to be considered [1]. The result is simply denoted as Ga,elec, realizing that for the two
interacting double layers the reference state is identical. It should be noted that both
∆Gσ

a and ∆Gσd
a are negative since the double layers are formed spontaneously. The

Gibbs energy of two double layers in interaction is also negative, but less so than for
two isolated double layers. Consequently Ga,elec > 0.

The change in the Gibbs energy per unit area of the interface when the distance
between the plates is reduced from∞ to h is given by,

Ga,elec = 2[∆Gσ
a (h) − ∆Gσ

a (∞)] = 2[Gσ
a (h) − Gσ

a (∞)]. (4.16)

The ∆ is dropped because both terms refer to the same reference state. Gσ
a is related to

the surface excess ΓI (amount of adsorption in moles per unit area) and the chemical
potential μI by the Gibbs equation,

Gσ
a = −∑ μiΓi . (4.17)

The negative sign in equation (4.17) indicates that the adsorbate form spontaneously.
As an example let us consider an oxide dispersed in an aqueous solution containing
HNO3, KNO3 and an adsorbate organic substance A. Then, for two identical double
layers [1],

Gσ
a = −2(μHNO3ΓHNO3 + μKNO3ΓKNO3 + μAΓA). (4.18)

The variation of Gσ
a with distance h is given by,

− (∂Gσ
a

∂h
) = 2[μHNO3(∂ΓHNO3

∂h
) + μs(∂Γs∂h

) + μA(∂ΓA∂h
)]. (4.19)

The subscript ‘s’ refers to salt (KNO3).
ΓHNO3 = σ0/F; upon reduction of h, ΓHNO3 goes down, so that the term is repulsive.

On the other hand, Γs < 0 (negative adsorption or depletion) and this negative term
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becomes less negative on overlap, ∂Γs/∂h > 0. In other words, overlap in combination
with negative adsorption tends to attraction. This is the basis of depletion floccula-
tion. The last term in equation (4.19) is also repulsive if overlap of adsorbates leads to
desorption [1].

The above analysis demonstrates that there is no difference between the first and
third term of equation (4.19); in both cases work is done against the binding energy
of HNO3 and A. However, with charged interfaces the first term does not come on its
own; it is accompanied by a second attractive term of an electrical nature [1]. However,
the repulsive term always exceeds the attractive one.

4.5 Charge and potential distribution

A schematic representation of the potential distribution is given in Fig. 4.4. Because
of the overlap, y(x) between the two surfaces (full line) is increased above the value it
would have had for one single double layer (dashed line) [1].

y m

xm

x
h

y o= yd

0

Fig. 4.4: Schematic representation of the di-
mensionless potential between two identical
parallel flat double layers. The special vari-
able x is counted from the left-hand side plate;
xm = h/2 is the mid-point value.

As the potentials at the surface (yd = y0) are assumed to remain fixed, the slopes
(dy/dx) near the two surfaces decrease. These slopes give the reduction of the sur-
face charge; adjacent to the surface,

(dy
dx

)
x→0

= − Fσ0

RTεε0
; (4.20)

and for the right-hand side double layer,

(dy
dx

)
x→h

= Fσ0

RTεε0
. (4.21)
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For homo-interaction, the minimum potential ym is given by,

ym = Fψm

RT
. (4.22)

For hetero-interaction, the symmetry is lost and the minimum is shifted towards the
surface with the lower potential or there is no minimum at all. At the minimum, the
field strength is zero, which means that the total charges, including those on the sur-
face, between x = 0 and x = xm, and between x = xm and x = h are zero. However, the
potential at theminimum is not zero; an outer force is needed tomaintain its increased
value. When double layer overlap is not strong, ym is sometimes equal to the sum of
the individual potentials. This is the linear superposition approximation that applies
only around xm.

To find the distribution, one must integrate the Poisson–Boltzmann equation for
the range between x = 0 and x = h,

d2(Zy)
dx2

= κ2 sinh(Zy). (4.23)

The result of the integration is,

(dy
dx

)2 = 2κ2

Z2
[cosh(Zy) + const]. (4.24)

The integration constant can be found from the boundary conditions: (dy/dx) = 0 for
y = ym,

dy
dx

= ∓ κ
Z
(2[cosh(Zy) − cosh(Zym)])1/2. (4.25)

For 0 ≤ x ≤ xm, one needs the minus sign since y is a decreasing function of x. For
the right half xm ≤ x ≤ h, the plus sign is needed. To find ym a second integration is
needed resulting in

cosh( κh
2

) = yd

ym
; (4.26)

or

ym = yd

cosh(κh/2) = yd sech(κh/2), (4.27)

which is an analytical expression for ym as a function of separation distance h.
For low potential approximation,

κh = 2 exp(−ym)
2

[F(exp−ym/2, π
2
)] − [F(exp−ym/2, arcsin exp−(yd − ym/2))],

(4.28)
in which

F(κ, ϕ) −
ϕ

∫
0

dχ
(1 − κ2 sin2 χ) (4.29)

is an elliptic integral for which tabulations are available [3].
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Fig. 4.5 gives the results of the variation of midway potential with separation dis-
tance. For conversion of the abscissa axis into real distance, h is multiplied by κ. For
1 : 1 electrolyte, κ−1 is equal to 96.1, 9.61 and 0.96 nm for 10−5, 10−3 and 10−1 mol dm−3

respectively. For 2 : 2 electrolytes the corresponding values are half as much.
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y m / y d
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Fig. 4.5: Midway potential as a function of separation for two interacting flat double layers.

The limiting law overestimates ym at given h, but remains a good approximation if yd

is not too high and if the overlap is not too strong. Onemust realize that every unit of y
corresponds to 25.6mV of potential at room temperature. Diffuse double layer poten-
tials are rarely above 150mV.Andunder conditions close to coagulation they aremuch
lower. In addition, at high salt concentration, κ increases but yd decreases. At low κh
(strong overlap) equation (4.26) is inadequate, indicating the limited applicability of
the pure diffuse double theory. One must take into account the specific adsorption of
counterions and the ion size effect. These effects are considered in the Stern theory of
double layers (see Chapter 2).
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4.6 Interaction between spherical particles

The most common procedure to obtain the interaction between spherical particles is
to use the Deryaguin approximation [6]. The interaction energy is considered to be
built up of contributions of parallel rings and to approximate the total interaction as
the integral over that set of infinitesimal parallel rings. A schematic illustration of the
Deryaguin approximation is shown in Fig. 4.6 [1].

α

h

h´

h1

h2

θ θ
O1 O2

Fig. 4.6: Illustration of the Deryaguin
approximation [6].

The above approximation is rigorous if there is no lateral interaction between the
rings. For electrostatic interaction, this means that the field lines should run paral-
lel to the O1O2 axis. This is exact for h󸀠 = h, but the condition becomes increasingly
poorer in the direction h󸀠 → h1 → h2 as indicated by the dashed lines in Fig. 4.3. The
Deryaguin approximation [6] is expected to work well for low κh and large κa (where
a is the particle radius).

For two sphereswith radii a1 and a2,Gelec(h) is given by the following expression,
Gelec(h) = 2π

a1a2
a1 + a2

∞

∫
h

Ga,elec(h󸀠)dh󸀠; (4.30)

for two identical spheres, equation (4.30) becomes,

Gelec(h) = πa
∞

∫
h

Ga,elec(h󸀠)dh󸀠; (4.31)

and for a sphere-plate interaction,

Gelec(h) = 2πa
∞

∫
h

Ga,elec(h󸀠)dh󸀠. (4.32)
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Numerous attempts have been made to obtain numerical results for a variety of sys-
tems and conditions, as for example described by Stankovich andCarnie [7]. An elabo-
ration of the numerical results was given by Honig andMul [8] who expressed Gelec(h)
by,

Gelec(h) = 64πcRT
κ2

S(h). (4.33)

They tabulated S(h) at constant potential and constant charge for various values of
yd(∞), the dimensionless potential (Fψd/RT). For an aqueous solution at 25 °C,

Z2Gelec(h)
a

= 4.751 × 1011S(h). (4.34)

Fig. 4.7 shows the electrical contribution of the homo-interaction Gibbs energy be-
tween two spheres for different yd(∞), using the Deryaguin approximation [6], at con-
stant potential and constant charge [1]. The results predicts that the repulsion at con-
stant charge is stronger than that at constant potential, but the difference is not large
and sometimes virtually absent, namely at large κh andat high yd. The curve at yd = 10
shows no difference between G(ψ) and G(σ), but in this case the double layer potential

10

8

κh/2

κh/2

×10¯¹¹ Jm¯¹  

z²
 G

el
 ⁄α

z²
 G

el
 ⁄α

6

4

2

0

0

1

1

2

2

y d = 3

y d = 1

y d = 2

y d = 5

y d = 10

0.6

0.4

0.2

Fig. 4.7: Electric contribution to the homo-interaction Gibbs energy between two spheres for dif-
ferent yd(∞), using the Deryaguin approximation: solid lines, constant potential; dashed lines,
constant charge.
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is about 250mVwhich is rarely observable, except in very dilute electrolyte solutions,
e.g. 10−4 mol dm−3 1 : 1 electrolyte where κ ≈ 30nm−1. The results of the calculations
clearly show that in all experiments where κh ≥ 1, the difference between interaction
at constant charge and constant potential is insignificant.

The function S(h) in equations (4.33) and (4.34) differs between interaction at con-
stant potential and constant charge, but independent of the particle radius a. This
means that both G(ψ) and G(σ) are proportional to the radius.

Several analytical expressions which are semi-quantitative are available and
these are useful for practical calculation of the repulsive interaction.

For identical spheres at κa < 5, i.e. the diffuse layer is of similar magnitude as the
particle radius,

Gψ
elec = 2πεrε0aψ2

d exp(−κh). (4.35)

Equation (4.35) is derived using the Debye–Huckel approximation for the potential
around each sphere and simply summing the two, i.e. weak overlap. As is the case for
flat plates, Gψ

elec = Gσ
elec. Equation (4.35) is best for weak interaction so that at κa > 2

it is satisfactory over a wide range of κa. As κa ≤ 1, it is useful at close distance of
approach [9].

For identical spheres at κa > 10, i.e. the double layer is thin compared to particle
radius, the result at low potential, for the constant potential case,

Gψ
elec = 2πεrε0aψ2

d ln[1 + exp(−κh)]. (4.36)

h is the closest distance between the particles, i.e. h = r − 2a, where r is the centre–
centre distance between the particles.

The constant charge expression is,

Gσ
elec = −2πεrε0aψ2

d ln[1 + exp(−κh)]. (4.37)

Equation (4.37) works well for all separations and is acceptable down to κa > 2 if at
close approach such that κh < 2 [11].

The constant charge case, equation (4.37), should be usedwith caution, especially
at close approach as a large overestimate can be obtained for the repulsive potential.

For two spheres with radii a1 and a2 at κa > 10, Hogg et al. [10] derived the fol-
lowing expression for the repulsion at constant potential,

ψψ
elec = πεrε0a1a2

a1 + a2
(ψ2

d1 + ψ2
d2){ 2ψd1ψd2

ψ2
d1 + ψ2

d2
ln[ 1 + exp(−κh

1 − exp(−κh)]
+ ln[1 − exp(−2κh)]} (4.38)

For a sphere and a flat plate, the repulsive interaction at κa < 5 and weak overlap is
twice that estimated for two similar spheres given by equation (4.35),

Gψ
elec = 4πεrε0aψ2

d exp(−κh). (4.39)
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For close approach and large κa,

Gψ
elec = 4πεrε0aψ2

d ln[1 + exp(−κh)]. (4.40)

4.7 Effect of increasing electrolyte concentration,
valency of counterions and Stern potential

Increasing the electrolyte concentration results in compression of the double layer
and this causes a reduction in double layer repulsion [3]. This is illustrated in Fig. 4.8
which shows the repulsive energy versus H/2 for two flat plates at a Stern potential of
154mV and three values of κ for 1 : 1 electrolyte. In general, increasing the electrolyte
concentration results in a decrease in the electrostatic repulsion.

The effect of valency of counterions is shown in Fig. 4.9 which compares the re-
sults for Z = 1 with those for Z = 3. As expected, increasing Z results in a decrease in
the electrostatic repulsion.

The effect of increasing the Stern potential is illustrated in Fig. 4.10 which shows
the values for three dimensionless yd. An increase in the Stern potential at a given
electrolyte concentration results in an increase in the electrostatic repulsion.
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Fig. 4.8: Increase in the electrical free energy of two flat plates as a function of decreasing mutual
distance for three values of the reciprocal Debye length: ψd = 154 mV; 1 : 1 electrolyte.
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Fig. 4.9: Effect of counterion valency on the increase in free energy as a function of κH/2 for two flat
plates. Full line yd = 2, Z = 1; dashed line yd = 6, Z = 3. The units on the y-axis are only relative.
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Fig. 4.10: Increase in electrical free energy of two flat plates as a function κH/2. From top to bottom
the lines correspond to dimensionless potential yd of 8, 6 and 4, respectively. The units on the y-
axis are only relative.
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4.8 Effect of particle concentration

In all the above treatments the interaction is considered for isolated particles, where
the time-average separation of the particles ismuch larger than the range of the diffuse
layer. However, with most practical dispersions such a condition is seldom satisfied
since in this case the separation of the particles become similar in magnitude to the
range of the diffuse layer [4]. The background electrolyte now contains other parti-
cles with their counterions. Each charged particle is a “macro-ion”, but the number
is very much smaller than the number of corresponding counterions. Thus, the parti-
cle’s contribution canbe ignoredwithout introducing a large error. However,when the
volume occupied by the particles become significant, i.e. at high volume fraction, the
ionic concentration in the liquid becomes larger since the particle volume is excluded
to the ions. Russel et al. [11] gave a convenient expression for κ by considering the
volume fraction of the particles ϕ,

κ = ( e2

εrε0kT
2Z2n0 − 3σ0Zϕ

ae
1 − ϕ

). (4.41)

The (1 − ϕ) term in the denominator corrects the ion concentration for the volume
occupied by the particles, σ0 is the surface charge density which can be calculated
from the Stern or zeta potential. Fig. 4.11 shows the variation of Debye length with
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Fig. 4.11: Debye length as a function of particle volume fraction in 10−4 mol dm−3 NaCl: a = 200 nm;
σ0 = −10 µC cm−2. The dashed line represents the limiting value for zero volume fraction.
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particle volume fraction in 10−4 mol dm−3 NaCl for particles of radius a = 200nm and
charge density σ0 of −10 µC cm−2.

It is clear from Fig. 4.11 that the Debye length decreases gradually with increasing
particle volume fractionandatϕ >0.01 it showsamore rapiddecrease reachingabout
4 nmwhen ϕ ≈ 0.3. This reduction in Debye length is the consequence of the increase
in ion concentration produced by the counterions of the high number concentration
of the particles. This reduction in Debye length is reflected in the reduction of elec-
trostatic repulsion as illustrated in Fig. 4.12. It can be clearly seen that by increasing
the particle volume fraction the electrostatic repulsion decreases due to the reduction
in the Debye length (compression of the electrical double layer). This explains why in
many practical dispersions prepared at high volume fraction (ϕ > 0.3) electrostatic
repulsion is insufficient for the long-term colloid stability of the dispersion.
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Fig. 4.12: Electrostatic repulsion for three particle volume fractions in 10−3 mol dm−3 NaCl: a =
200 nm; ψd = −80 mV; σd = −10 µC cm−2.
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5 Van der Waals attraction

5.1 Introduction

Van der Waals attraction between colloidal particles is universal and it occurs with
all disperse systems. As is well known, in a one component system individual atoms
or molecules always attract each other at short distances, owing to the van der Waals
forces, which as will be shown below can be of three different kinds, namely dipole-
dipole, dipole-induced dipole and London dispersion interaction. Since colloidal par-
ticles are essentially assemblies of molecules, the individual contributions have to be
compounded. In this process, only the London interactions have to be considered,
since large assemblies have neither a permanent dipole moment nor a net polariza-
tion. The assumption is made that the interaction energies between all molecules in
one particle with all those in the other are simply additive.

In this chapter, I will start with a general expression for the interaction energy in
terms of thework required to separate the particles. This is followedby a section on the
intermolecular attractionbetweenatomsormolecules. Twogeneral approaches to van
der Waals attraction between macroscopic bodies are discussed. The first approach,
referred to as the microscopic approach, is based on a simple additively principle of
all intermolecular attractions. The second approach, referred to as the macroscopic
approach, is based on the principle that the electromagnetic fluctuations in two parti-
cles become correlated when they approach each other, causing a decrease in the free
energy of the system. A section is devoted to the direct measurement of van der Waals
forces, using the surface force apparatus.

5.2 General expression for the interaction between two particles

The interaction between two particles can in general be considered in terms of the po-
tential energy or the work required to separate them from a centre-to-centre distance r
to some large distance apart [1]. This potential energy is termed the pair potential u(r)
that is given by the following expression,

u(r) = −
∞

∫
r

f(r)dr, (5.1)

where f(r) is the force at distance r,
du(r)
dr

= −f(r). (5.2)

https://doi.org/10.1515/9783110540895-006
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The particles can be thought of as interacting via “colloidal springs” and the spring
constant (or modulus) is the rate of change of the force with distance,

d2u(r)
dr2

= y(r). (5.3)

The interaction energy includes both enthalpic and entropic contributions of all com-
ponents in the system, namely particles, solvent, ions, surfactants, polymers, etc. This
means that the interaction energy between any two particles should take into consid-
eration all other components, i.e. the potential of mean force. A detailed account of
both intermolecular forces and interaction between the particles was given in the text
by Israelachvili [2] to which the reader should refer for more detail.

Twomain contributions to the interaction between the particles can be identified,
namely the interparticle force that brings them together (to be referred to as van der
Waals attraction) and the force that acts to separate them (to be referred to as the repul-
sive force or energy). It is the interplay between these forces that determines the final
state of the dispersion. In this chapter, I will describe the intermolecular attraction or
van der Waals forces. The repulsive forces arising from the presence of double layers
was described in Chapter 4.

5.3 Intermolecular attraction between atoms or molecules

Before describing the van der Waals attraction between particles or droplets in a dis-
persion, onemust first consider the intermolecular attraction between atoms ormole-
cules. These interactions account for the non-ideality of gases and deviation from the
ideal gas equation (PV = nRT,where P is thepressure,V is the volume, n is thenumber
of moles, R is the gas constant and T is the absolute temperature). This non-ideality
was described by van der Waals using a semi-empirical equation of state,

(P + an2

V
)(V − nb) = nRT, (5.4)

where a accounts for the attraction between the molecules (now called van der Waals
attraction), b is the intrinsic volumeof themolecules and n is the number ofmolecules
per unit volume.

Threemain contributions to the intermolecular interaction can be considered and
these are summarized below.

5.3.1 Dipole-dipole interaction (Keesom–van der Waals interaction)

This interaction arises from the presence of permanent dipoles [3], e.g. with HCl gas
that has a strong dipole due to polarization of the covalent bond. The dipoles tend to
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align giving the following expression for the interaction energy u(r)K at an intermolec-
ular distance r,

u(r)K = −β11K
r6

, (5.5)

where β11K is a constant that depends on the particular type of the molecule. For two
identical molecules with dipole moment μ, β11K ∝ μ4. Equation (5.5) shows that the
Keesom interaction is short range in nature being proportional to 1/r6. Due tomarked
dipole alignment, the rotational motion of the molecules is restricted and this results
in a “long time” interaction that occurs at low frequency.

5.3.2 Dipole-induced dipole interaction (Debye–van der Waals interaction)

This occurs between a polar and nonpolar molecule [4]. The dipole on the polar mole-
cule polarizes the electron clouds of the nonpolar molecule. The molecular motion is
still occurring and we could think here of frequencies associated with the interaction
as those in the microwave region. The interaction free energy can be described by a
similar expression to that used in the dipole-dipole interaction,

u(r) = −β11D
r6

, (5.6)

where β11D is a constant that consists of two terms for two different molecules,

β11D ∝ (α1μ21 + α2μ22). (5.7)

5.3.3 London–van der Waals interaction (dispersion interaction)

The London dispersion force is the most important, since it occurs for polar and non-
polar molecules. It arises from fluctuations in the electron density distribution [5]. It
is due to the movement of the electron cloud around the atomic nucleus resulting in
a dipole that fluctuates. When two atoms come into close proximity, the temporary
dipoles become aligned, i.e. the fluctuations become coupled and this is a preferred
(or lower) energy state. The range of interaction is similar to that of KeesomandDebye,
but the timescale is now that of the electronic transition, near the visible-ultraviolet
part of the electromagnetic spectrum. The London–van der Waals interaction energy
is given by,

u(r) = −β11L
r6

. (5.8)

The London dispersion constant β11L for two identical atoms is proportional to the
ionization energy of the outer electrons, hν1, and the polarizability α, where h is the
Planck constant and ν is the frequency of radiation in Hz (= ω/2π, where ω is the
frequency in rad s−1),

β11L ∝ hν1α2. (5.9)
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For two different atoms,
β12L ∝ h

ν11ν12
ν11 + ν12

α1α2. (5.10)

The London–van der Waals intermolecular interaction is mostly much larger than the
Keesom–van der Waals or Debye–van der Waals contributions. Water is exceptional
since in this case the dispersion contribution is only one-quarter of the total interac-
tion.

5.4 General approach for van der Waals attraction

As shown above, all three interactions are based on the attraction between dipoles
and have the same distance separation. Therefore, it is possible to describe the at-
traction in a general way. The London constant in equations (5.9) and (5.10) depends
on the ionization potential of the outer electrons which is in the region of the visible-
ultraviolet part of the electromagnetic spectrum. Other electronic transitions also take
place so that contributions at other frequencies can also occur. For a general approach
one must consider the full range of frequencies, ranging from those of a few Hertz up
to the ultraviolet region at ≈ 1016 Hz.

The above description considered the case of interaction of atoms or molecules
in the absence of any intervening medium. The relative permittivity of the medium is
an important factor. The relative permittivity ε(ν) as a function of frequency describes
the dielectric behaviour at low frequencies and the refractive index n(ν) is a viable
measure of the dielectric behaviour at the higher end of the spectrum. A general de-
scription of the interaction u(r) was given by McLachlan [6] as a summation over the
range of interaction frequencies for molecules 1 and 2 interacting in a medium 3,

u(r) = −{ 3kTα1(0)α2(0)[4πε3(0)ε(0)]2r6 + 6kT(4πε0)2r6
∞∑
n=1

α1(iν)α2(iν)
ε23(iν) }, (5.11)

where k is the Boltzmann constant, T is the absolute temperature and i indicates
the imaginary component of the frequency. The summation is carried over all fre-
quencies so that all interactions are captured. The first term on the right-hand side
of equation (5.11) is the “zero” frequency term, whereas the second term gives the con-
tributions for all other frequencies, with the steps in terms of kT,

n = hνn/2π
kT

. (5.12)

This second term uses the frequency dependency of the polarizability at complex fre-
quencies iν, with i indicating the dissipative component of the complex frequency,
since we are looking at the interaction of oscillating electromagnetic field with the
molecules.
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5.5 Hydrogen bonding

Hydrogen bonding may be considered as a special type of Debye interaction, in so far
as one of themolecules (or groups) is polar and the other is apolar. However, there are
many differences so that it is more appropriate to consider them as a special case. The
distinguishing feature is the involvement of a hydrogen atom in the bond. In some
molecules, the very electropositive hydrogen atom acts as a concentrated site of ex-
cess positive charge. This is particularly the case for asymmetric configurations in
which the proton under consideration is involved. Examples of groups in molecules
possessing such a proton are –OH (in water, alcohols, carboxylic acids), -NH (in pri-
mary and secondary amines), HF and HCl. A very strong interaction ensues if such
a proton comes into contact with a strongly electronegative group in another mol-
ecule, notably in an oxygen (in water, alcohols, ketones, esters, ethers, carboxylic
acids), a nitrogen (in amines, pyridine), fluorine or chlorine atom. Water is a par-
ticularly strongly associated liquid because each water molecule has two hydrogen
atoms, capable of binding with oxygen atoms of two other water molecules. Hydrogen
bonding is a weak chemical bonding and its quantitative analysis requires quantum
mechanics. Some distinguishing features can be identified:
(i) The bond is directional and the combination H…O–X, where X is the remainder of

the molecule, is in principle linear;
(ii) two hydrogen bonded electronegative atoms can approach each other more

closely than the sum of their crystal radii;
(iii) the bond enthalpy is in the range of 10–40 kJmol−1, which is lower than that of

a chemical bond (> 150 kJmol−1) but higher than the three types of van der Waals
forces (≈ 1 kJmol−1 at r ≈ rm).

(iv) Ordinary van der Waals forces can compete with thermal energy only at low T
and/or when the molecules are large.

Covalent bonds break only at very high T. Hydrogen bonds take an intermediate posi-
tion. It is especially in water that their presence is significant; the high boiling point of
water, notwithstanding the lower molecular mass, is attributed to hydrogen bonding.
This explains why hydrogen bonding plays important roles in interfacial phenomena.

5.6 Hydrophobic (bonding) interaction

Hydrophobic bondingdescribes the strong attractionbetweenhydrophobicmolecules
or hydrophobic parts of themolecules inwater. It is due to the tendency of watermole-
cules to associate byhydrogenbondingnear the hydrophobicmolecules. For example,
if a nonpolar molecule such as He or hydrocarbon is dissolved in water a cavity has to
be formed, requiring considerable energy expenditure becausemany hydrogen bonds
have to be broken. The van der Waals energy that is gained by inserting the apolar
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molecules into the cavity is of the Debye or London type, but by no means enough to
compensate for the loss in cavity formation. Thus, the total Gibbs energy of dissolution
would be high and positive. Thewater tetrahedrons that are in contact with the apolar
molecule tend to reorient so as to form as many hydrogen bonds with neighbouring
molecules as possible. In this way, the loss of energy is to a large extent compensated,
but now at the expense of a loss of entropy, due to the reduction of the degrees of
freedom of the adjacent water molecules. The formation of a “cage” of water mole-
cules with a stronger structure is referred to as the “hydrophobic effect”. The ordered
water structure is sometimes described as “icebergs”. For gaseous hydrocarbons in
water at room temperature the entropy term is dominant; the enthalpy is small and
can be positive or negative. At higher temperatures, structure formation around the
apolar molecules plays a less important role (due to increased randomization of wa-
ter molecules), i.e. the entropic contribution becomes smaller. Hydrophobic bonding
is the direct consequence of the “hydrophobic effect”. Hydrophobic bonding plays an
important role in interfacial phenomena, adsorption of surfactants from aqueous so-
lutions, micelle formation and other association processes.

5.7 Van der Waals attraction of macroscopic bodies

There are generally two approaches for describing the van der Waals attraction be-
tweenmacroscopic bodies such as colloidal particles, emulsion droplets, etc. The first
approach considers the London–van der Waals attraction to be the sum of the forces
acting between isolated molecules. This approach, referred to as the microscopic ap-
proach, was suggested by de Boer and Hamaker [7, 8]. The second approach, devel-
oped by Lifshitz et al. [9], is based on the correlation between electric fluctuations of
two macroscopic bodies. This is referred to as the macroscopic approach.

5.7.1 The microscopic approach for van der Waals attraction

This approach starts with the finding that the Gibbs energy of interaction can be
given by the product of amaterial constant, Aij(k), and a function of geometry and dis-
tance h, f(a, h) [10].Aij(k), referred to as theHamaker constant, refers to the interaction
between two particles or macrobodies i and j across a medium k,

GVDW(h) = −Aij(k)f(a, h). (5.13)

For two identical particles in an aqueous medium, Aij(k) becomes A11(w). The dimen-
sions of the distance function, f(a, h), depend on the geometry of the system. For
semi-finite plates f(a, h) = f(h) is proportional to h−2 and GVDW(h) is in Jm−2. For two
spheres f(a, h) is dimensionless and GVDW(h) is in J.
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Fig. 5.1: Schematic representation of atomic dipolar interactions between two slabs of material.

Consider two slabs of interacting materials as schematically represented in Fig. 5.1.
The starting point is to consider the interaction between a single molecule and a

slab of material and then extend that to two slabs interacting [1]. In the microscopic
approach due to Hamaker [8], the energies are assumed to additive. In this case one
can simply use equation (5.8) and add all interactions between the reference mole-
cule in the upper slab (shown by a dark circle in Fig. 5.1) and all other molecules in
the material of the lower slab. The interaction energy is given by the sum for each
molecule in the lower slab. One then adds this up for all molecules in the upper slab.
The interaction is then given by the sum for all molecules in the upper slabmultiplied
by the sum for each molecule in the lower slab.

To calculate the intermolecular distance r one can simply use the number den-
sity of molecules in the slab, ρN(= N/V), and integrate over the volumes. This “semi-
continuum” approach is the basis of the additively assumption and it would only
become a problem at very close approach. The interaction energy then follows from
equation (5.13),

GVDW(h) = −π2β11Lρ2Nf(a, h). (5.14)

Equation (5.14) gives a general expression for the van der Waals attraction in terms
of the material constant (that is given by the electronic polarizability, the ionization
potential and the square of the product of the density and molar mass) and the shape
factor and separation distance between the two bodies.
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For two infinitely thick slabs, the energy of unit area of one slab interacting with
the whole of the other slab is given by,

GVDW(h) = −πβ11Lρ2N
12h2

, (5.15)

where GVDW(h) represents the dispersion energy of two slabs of the same material a
distance h apart and it is the energy per unit area of the surface. The numerator rep-
resents the material property whereas the denominator arises from the geometry. It
is common in colloid science to express the material property as a single constant,
referred to as the Hamaker constant that is simply given by,

A11 = π2β11Lρ2N. (5.16)

Equation (5.15) can then be written as,

GVDW(h) = − A11
12πh2

. (5.17)

If one has a slab of material 1 interacting with material 2,

GVDW(h) = − A12
12πh2

, (5.18)

and,
A12 = π2β12LρN1ρN2. (5.19)

If the “semi-infinite” slabs are replaced by plates with thickness t, equation (5.17) has
to be modified,

GVDW(h) = − A11
12π

( 1
h2

+ 1(h + 2t)2 − 2(h + t)2) (5.20)

Hamaker constants can be computed from equation (5.19) if the molecular properties
of the materials under consideration are known. Alternatively, they can be derived
from the macroscopic theory as will be discussed below. Direct measurement of van
der Waals attraction can also be used to obtain the Hamaker constant (see below).
Their magnitude is in the order of 10−20–10−19 J (≈ 5–50 kT) at room temperature. As
we will see later, the Hamaker constants for interaction across a medium are much
lower.

For curved interfaces (as is the casewith spherical particles) the expression for the
van der Waals attraction is more complex. However, a useful method to derive such
an expression is to use the Deryaguin approximation [9], where the curved surface is
replaced by a stepped one as illustrated in Fig. 5.2. The total interaction between the
macroscopic bodies is considered tobebuilt upof contributionsof parallel ringswhere
each pair contributes an amount GA(x) dA, where GA(x) is given by equation (5.18).
From the energy per ring, the total interaction energy is obtained by integration over y
(as indicated in Fig. 5.2) after replacing dA by 2πy dy. As the approximation is limited
to short distances, the contributions of layers with large y are negligible, so that for
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dA

dA

y

x

h
0

Fig. 5.2: Schematic representation of
Deryaguin’s approximation [9].

convenience the integration may be carried out from y = 0 to y = ∞. After relating y
to x, the Deryaguin formula for two spheres of radii R1 and R2 becomes,

GA = −2πR1R2
R1 + R2

∞

∫
h

GA(x)dx. (5.21)

Substituting equation (5.18) into (5.21) and carrying out the integration gives,

GVDW(h) = − A12R1R2
6h(R1 + R2) . (5.22)

For two spheres of equal radius,

GVDW(h) = −A11R
12h

. (5.23)

Equations (5.22) and (5.23) apply only for the case h < R1, R2 and h < R respectively.
For the general case of a wide range of h, expressions can be derived both for particles
with different radii and of equal radii as schematically shown in Fig. 5.3.

For two spheres with different radii R1 and R2,

GVDW(h) = − A
12

[ y
x2 + xy + x

+ y
x2 + xy + x + y

= 2 ln{ x2 + xy + y
x2 + xy + x + y

}], (5.24)

where x = h/2R1 and y = R2/R1.
For two spheres with equal radii,

GVDW(h) = −A11
6

[ 2R2

r2 − 4R2
+ 2R2

r2
+ ln

r2 − 4R2

r2
.] (5.25)

Substituting s = r/R,
GVDW(h) = −A11

6
( 2
s2 − 4

+ 2
s2

+ ln
s2 − 4
s2

). (5.26)

For very short distances (h ≪ R), equation (5.26) may be approximated by equation
(5.23).
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r = h + R₁ + R₂ r = h + 2R

h

h
R R

R₂R₁

(a) Two Unequal Spheres (b) Two Equal Spheres

Fig. 5.3: Schematic representation of the interaction between spheres of different radii (a) and with
the same radius (b).

For sphere-plate interaction (as is the case for particle-surface deposition and adhe-
sion), R1 = R and R2 → ∞,

GVDW(h) = −A12
6

[R
h

+ R
h + 2R

ln
h

h + 2R
], (5.27)

which for very small distance,

GVDW(h) = −A12R
6h

. (5.28)

Equation (5.28) shows that the interaction of a sphere with a thick plate has a geomet-
ric factor that is twice that of two similar sized spheres.

5.7.2 Medium effect on van der Waals attraction

When the particles are dispersed in a liquidmedium, the van derWaals attraction has
to bemodified to take into account themedium effect. When two particles are brought
from infinite distance to h in a medium, an equivalent amount of medium has to be
transported the other way round. Hamaker forces in a medium are excess forces.

Consider two identical spheres 1 at a large distance apart in a medium 2 as is il-
lustrated in Fig. 5.4 (a). In this case the attractive energy is zero. Fig. 5.4 (b) gives the
same situation with arrows indicating the exchange of 1 against 2. Fig. 5.4 (c) shows
the complete exchange which now shows the attraction between the two particles 1
and 1 and equivalent volumes of the medium 2 and 2.

The effective Hamaker constant for two identical particles 1 and 1 in a medium 2
is given by,

A11(2) = A11 + A22 − 2A12 = (A1/2
11 − A1/2

22 )2. (5.29)

Equation (5.29) shows that two particles of the samematerial attract each other unless
their Hamaker constants exactly matches each other. Equation (5.23) now becomes,

GVDW(h) = −A11(2)R
12h

, (5.30)
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Fig. 5.4: Schematic representation of interaction of two particles in a medium.

where A11(2) is the effectiveHamaker constant of two identical particleswithHamaker
constant A11 in a medium with Hamaker constant A22.

In most cases the Hamaker constant of the particles is higher than that of the
medium. Examples of Hamaker constant for some materials in vacuum are given in
Tab. 5.1. The Hamaker constant for some liquids is given in Tab. 5.2. Tab. 5.3 gives val-
ues of the effective Hamaker constant for some particles in some liquids. Generally
speaking, the effect of the liquid medium is to reduce the Hamaker constant of the
particles below its value in vacuum (air).

Tab. 5.1: Hamaker constant in vacuum A11 for some materials.

Material A11 × 1020 (J)

Fused quartz (SiO2) 6.5
Al2O3 15.6
Silver 50.0
Copper 40.0
Poly(methylmethacrylate) 7.1
Poly(vinylchloride) 7.8

Tab. 5.2: Hamaker constant of some liquids.

Liquid A22 × 1020 (J)

Water 3.7
Ethanol 4.2
Decane 4.8
Hexadecane 5.2
Cyclohexane 5.2
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Tab. 5.3: Effective Hamaker constant A11(2) of some particles in water.

System A11(2) × 1020 (J)

Fused quartz/water 0.83
Al2O3/water 5.32
Copper/water 30.00
Poly(methylmethacrylate)/water 1.05
Poly(vinylchloride)/water 1.03
Poly(tetrafluoroethylene)/water 0.33

GA decreases with increasing h as schematically shown in Fig. 5.5, which illustrates
GA increasing very sharply with h at small h values. A capture distance can be defined
at which all the particles become strongly attracted to each other (coagulation). At
very short distances, the Born repulsion appears.

Born repulsion

GA

h

Fig. 5.5: Variation of GA with h.

5.7.3 Macroscopic approach (Lifshitz theory of dispersion forces)

One of the problems with the microscopic approach of Hamaker [8] is the situation
when one is dealing with particles in a medium such as an electrolyte solution. In
this case the interaction of permanent dipoles is screened by the ionic environment
and the low frequency interaction falls off more rapidly than would be the case in a
vacuum. This problem can be solved by using the generalized macroscopic theory of
Lifshitz [10, 11] that is described in detail by Mahanty and Ninham [12]. It is based
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on the principle that the spontaneous electromagnetic fluctuations in two particles
become correlated when they approach each other, causing a decrease in the free en-
ergy of the system. This theory treats the interacting bodies as continuous andascribes
the interactions to fluctuating electromagnetic fields arising from spontaneous elec-
tric andmagnetic polarizations within the variousmedia. One important result is that
the interactions are described completely in terms of the complex dielectric constants
of the media.

Consider two slabs of material, 1 and 2, interacting across a medium 3. Each one
of these materials can be considered as a dielectric with static dielectric constants of
ε1(0), ε2(0) and ε3(0), respectively. The interaction energy is given by the product of
the material constant (the Hamaker constant) and a geometrical factor as described
by equation (5.13). The Hamaker constant for two slabs of material 1 and 2 across
medium 3 is given by,

A132 = π2β132LρN1ρN2. (5.31)

The London dispersion term, β123L, is given by the second term of the right-hand side
of equation (5.11), which includes the polarizabilities of the molecules making upma-
terials 1, 2 and 3. The bulk polarizability of slab 1 in medium 3 and the measurable
macroscopic dielectric properties are given by,

ρN1α1(iν) = 2ε0ε3(iν) ε1(iν) − ε3(iν)
ε1(iν) + ε3(iν) . (5.32)

Similarly the bulk polarizability of slab 2 in medium 3 is given by,

ρN2α2(iν) = 2ε0ε3(iν) ε2(iν) − ε3(iν)
ε2(iν) + ε3(iν) . (5.33)

The frequency-dependent Hamaker function is then [2],

A132 ≈ [ ε1(0) − ε3(0)
ε1(0) + ε3(0)][

ε2(0) − ε3(0)
ε2(0) + ε3(0)]

+ 3h
4π

∞

∫
ν1

[ ε1(iν) − ε3(iν)
ε1(iν) + ε3(iν)][

ε2(iν) − ε3(iν)
ε2(iν) + ε3(iν)]dν. (5.34)

Equation (5.34) shows that to obtain the Hamaker constant onemust know the dielec-
tric properties over the whole spectrum range. Calculation of the Hamaker constant
requires extensive measurements from dielectric spectroscopy. Such information is
only available for a very few systems. For example, Parsegian and Weiss [13] made
such calculations for model polystyrene latex and they compared the results with
those obtained by using the simple Hamaker equation. Good agreement was obtained
between the data although the Hamaker calculations overestimated the interaction at
long distances of separation (> 30 nm). Aswewill see below, this is due to the so called
“retardation effect” which is included in the Lifshitz theory.
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5.8 Retardation effect

The London–van der Waals forces exhibit the phenomenon of retardation. Due to the
time required for electromagnetic waves to cover the distance between the plates, the
h−2 dependence of GVDW(h) given by equation (5.17) gradually changes to h−3. Con-
sider for example two surfaces separated by a distance of 30 nm. The propagation
time from one surface to another and back would be ≈ 10−16 s. The frequency of ra-
diation where the strongest interaction occurs is usually in the near UV region and so
the propagation time represents the time taken for a significant part of the oscillation
to occur. In otherwords, the oscillations are no longer exactly in phase (i.e. the dipoles
are no longer completely aligned) and the attraction is weakened. Thus, one can con-
clude that the attraction at close separation between the particles using the Hamaker
equation is a good approximation, but at separations > 30nm the values calculated
overestimate the interaction.

The retardation effect was first described by Casimir and Polder [14] who showed
that for two identical atoms u(r) decreases more rapidly with distance at large r when
compared with that at small r. For very large distances,

u(r) = −β󸀠11
r7

. (5.35)

For intermediate distances, there is a gradual transition from the r−6 to r−7 power law.

5.9 Direct measurement of van der Waals attraction
between macroscopic bodies

Measurement of vanderWaals attraction requires very smooth and clean surfaces that
can be manipulated meticulously since one has to make measurements at separation
distances from about 1000nm down to contact. The best surfaces that satisfy these
criteria are those of cleaved mica which can be produced molecularly smooth. These
measurements were initiated by Tabor and collaborators [15, 16] and later elaborated
by Israelachvili and Adams [17] who built the well-known surface force apparatus us-
ing crossed cylindrical mica surfaces both in vacuum and immersed in a variety of
electrolyte solutions. As an illustration, Fig. 5.6 shows the results in vacuum at room
temperature [16] and a comparison was made with the theoretical calculations based
on theory with different Hamaker constants and also considering the retarded con-
stant B.
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Fig. 5.6: Direct measurement of van der Waals
forces between two cylindrical mica surfaces in
vacuum at room temperature [16].
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6 Theory of colloid stability

6.1 Introduction

The term “stability” usually refers to absence of separation of the dispersion over a
period of time. However, one can distinguish between two types of instabilities. The
first refers to the situationwhere the particles donot aggregate over this period of time.
This may be referred to as “colloid stability”. The second refers to the situation where
the particles or droplets show a tendency to sediment or cream under gravity over a
period of storage. In this case the particles or droplets may show no aggregation and
the gravity force (given by the product of the particle or droplet mass, the accelera-
tion due to gravity g and the height of the container L) exceeds the Brownian motion
(kT, where k is the Boltzmann constant and T is the absolute temperature). This may
be referred to as “physical or mechanical instability”.

In this chapter I will consider the case of colloid stability/instability by combin-
ing the double layer repulsion described in Chapter 4 with van der Waals attraction
described in Chapter 5. The total potential energy curve is a superposition of the two
separate potential energies as a function of the separation distance between plates or
particles. This forms the basis of the theory of lyophobic colloids formulated indepen-
dently by Deryaguin and Landau [1] and Verwey and Overbeek [2] which is referred to
as theDLVO theory. In this theory one canarrive at a quantitative theory for the interac-
tion of colloid particles for all colloidal systems in which the particles are sufficiently
large in comparison to the double layer extension, and accordingly an encounter of
two particles may be approximated by a system of two large parallel plates [2]. As a
first approximation, one may consider the particles to be represented by cubes (or an-
other regular form) and this interaction can be represented by two plates for which
the plate thickness is considerable in comparison to the thickness of the double layer.
In Chapters 4 and 5, I developed expressions for the surface-to-surface distance of the
two components, namely the electrostatic repulsion and van der Waals attraction. As
wewill see below the linear combination of the two components forms the basis of the
DLVO theory.

The process of flocculation of colloidal dispersions will be described in Chapter 7.
For the sake of completion, the process of “mechanical stability” (creaming of emul-
sions and sedimentation of suspensions) and its prevention will also be described in
Chapter 7.

https://doi.org/10.1515/9783110540895-007
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6.2 Examples of potential energy curves and
stability of charge stabilized systems as described
by the DLVO theory for flat plates

In Chapter 4, I have shown that the repulsive potential Gelec decreases with increas-
ing distance according to a more or less exponential decay according to the following
equation for the case κH > 1 (where κ is the reciprocal of the Debye length and H is
the separation distance between the plates),

Gelec = 64n0kT
κ

tanh2(Zeψd
4kT

) exp(−κH), (6.1)

where n0 is the electrolyte concentration, k is the Boltzmann constant, T is the abso-
lute temperature, Z is the valency of the ion, e is the electronic charge and ψd is the
Stern potential.

The repulsive potential-distance curve starts with a finite value of Gelec for zero
distance (the free energy of the double layer potential); the curve approaches a purely
exponential one for moderate and large plate distances.

The attractive energy for two flat plates (material 1) immersed in a medium (ma-
terial 2) is given by,

GVDW(h) = − A12
12πh2

, (6.2)

where,
A12 = π2β12LρN1ρN2. (6.3)

β12L is the London dispersion constant, ρN1 and ρN2 are the number densities of mol-
ecules in the slabs and the medium respectively.

Equation (6.2) shows that the attractive energy between flat plates decreases
quadratically with increasing distance. This shows that the absolute value of |GA|will
always be larger than Gelec for two cases, namely for very large and for very small
plate distances. It is well known that an exponentially decreasing function goes to
zero more rapidly than a function decreasing with a negative power. Accordingly,
for large separation distances the attractive energy according to equation (6.2) will
always surpass the repulsive energy according to equation (6.1). For small separation
distances, GA approaches the value of −∞, so that at such small distances GA ≫ Gelec.

In the intermediate distance of separation between the plates, i.e. at h comparable
to the double layer thickness (1/κ) or (κh ≈ 1), there are two possibilities:

(i) Curves for which Gelec is sufficiently large in comparison to GA; the total inter-
action energy GT represented by equation (6.4),

GT = Gelec + GA (6.4)

may reach positive values over a certain region of distances. In other words, the to-
tal energy–distance curve will show a maximum beyond the horizontal axis. As with
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h Fig. 6.1: Schematic representation of the vari-

ation of Gelec, GA and GT with h for systems
with an energy maximum (barrier) according
to the DLVO theory [1, 2].

increasing distance, GT again reaches negative values and finally approaches the ab-
scissa asymptotically; again these curves also show a weak minimum at large separa-
tion distances. This is schematically illustrated in Fig. 6.1.

The GT–h curve shown in Fig. 6.1 can explain the characteristics of colloidal dis-
persions; three main aspects can be considered. Firstly, the potential energy barrier
must be surmounted before the particles or droplets make lasting contact in the pri-
mary minimum. Provided the energy barrier is considerably larger than the thermal
energy of the particles (that is equal to kT, where k is the Boltzmann constant and T is
the absolute temperature) fewparticleswillmake contact and the system is considered
to be colloidally stable. A value of 25 kT for the energy barrier is considered to be suffi-
cient for themaintenance of colloid stability. Secondly, if the secondaryminimum is of
depth≫ kT then the particles or droplets would flocculate with a liquid film between
them in the cluster. This type of flocculation is described as “weak” and “reversible”.
In other words, the particles or droplets in the cluster can become disaggregated by
gentle shaking or mixing. Thirdly, since both repulsive and attractive energies are di-
rectly proportional to the particle or droplet radius, the secondary minimum should
become increasingly significant with increasing particle or droplet size. The effect will
also increase with increasing electrolyte concentration.

(ii) Curves for which Gelec + GA is always zero or negative. As the minimum for
long distances is very shallow, these curves will show at most a very low energy bar-
rier; generally, however, the total potential energy will decrease continuously with
decreasing plate distance.

A general description of the transition from the above two cases can be illustrated
by considering the effect of increasing electrolyte concentration on the energy dis-
tance curves for spherical particles of radius 100nm in aqueous medium (Fig. 6.2).
The energy–distance curves are shown for four 1 : 1 electrolyte concentrations: 10−1,
10−3, 10−5, 10−7 mol dm−3, corresponding to (1/κ) of 1, 10, 100 and 1000nm. It can
be seen from Fig. 6.2 that for (1/κ) values of 10, 100 and 1000nm, there is an energy
barrier than can prevent flocculation in the primary minimum. This barrier increases
with increasing (1/κ). However, when (1/κ) decreases to 1 nm, i.e. at 1 : 1 electrolyte
concentration of 10−1 mol dm−3, this energy barrier disappears and the GT becomes
negative at all separation distances. This corresponds to strong flocculation, usually
referred to as coagulation.
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Fig. 6.2: Energy–distance curves at various
electrolyte concentrations: (a) 10−1 mol dm−3;
(1/κ) = 1 nm; (b) 10−3 mol dm−3; (1/κ) =
10 nm; (c) 10-5 mol dm−3; (1/κ) = 100 nm;
(d) 10−7 mol dm−3; (1/κ) = 1000 nm

Another illustration of the energy–distance curves is given in Fig. 6.3 which shows
the calculations of energy–distance curves for titaniumdioxide (rutile) dispersions [3]
with a radius of 100nm and zeta potential of −45mV at 10−3 and 10−2 mol dm−3 NaCl.
These calculations are for isolated particles, i.e. very dilute dispersion [3]. The results
clearly illustrate the effect of increasingNaCl concentrationswhich results in compres-
sion of the electric double layer and hence the reduction of the electrostatic repulsion.
In 10−3 mol dm−3 NaCl, the primary maximum is about 70 kT which ensures the long-
term colloid stability of the dispersion. The secondary minimum in this case is about
3 kT and this may cause weak flocculation. The calculations in 10−2 mol dm−3 NaCl
show a reduced energy maximum (about 15 kT) and a deeper secondary minimum of
the order of 10 kT. The energy maximum prevents aggregation in the primary min-
imum but the deep secondary minimum will definitely cause weak and reversible
flocculation as discussed above.
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Fig. 6.3: Energy–distance curves for 100 nm TiO2 dispersions with a zeta potential of −45 mV
at 10−3 and 10−2 mol dm−3 NaCl [3].
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The primary minimum indicates that the aggregated (coagulated) state is the lowest
energy condition and this is where one expects the particles to reside [3]. The pri-
mary maximum opposes the close approach of particles or droplets and it may be
considered as an activation energy that must be exceeded for aggregation to occur.
The motion of the particles is governed by the thermal energy and one can describe
the energy distribution by the Boltzmann equation. This predicts a kinetic stability as
the rate of aggregation is proportional to exp(−Gmax/kT). When Gmax ≫ kT, as is the
case for TiO2 dispersions in 10−3 mol dm−3 NaCl, the particles will be in a colloidally
stable state. Since (Gmin)sec > kT one would expect that many of the particles will
be in close proximity for much of the time (weak attraction). However, since the net
attractive energy is only slightly larger than the thermal energy, any aggregation in
the secondary minimum is reversible. As mentioned above, (Gmin)sec reaches 10 kT in
10−2 mol dm−3 NaCl which is significantly larger than the thermal energy and in this
case the particles will remain in close proximity for much longer timewhen compared
with the dispersion in 10−3 mol dm−3 NaCl. The flocculation rate in the secondarymin-
imum at such higher NaCl concentrations will be higher, but this flocculation is still
reversible.

The contributions to GT, namely double layer repulsion and van derWaals attrac-
tion, have been discussed in detail in Chapters 4 and 5. If there is strong attraction so
that −GA ≫ kT, there will be strong aggregation or coagulation of the particles when
these come into close contact. For emulsions, this coagulation is usually a precursor
for coalescence, where two ormore droplets join together. If there is a net repulsive in-
teraction between particles or droplets such that Gmax ≫ kT, the particles or droplets
will not aggregate and the system is considered to be colloidally stable. There are other
situations where the particles are attracted at long distances but do not come into
close contact. This occurs because of the presence of (Gmin)sec that has an attractive
energy > kT. This type of aggregation is sometimes referred to as “flocculation” to dis-
tinguish it from the aggregation that occurs at (Gmin)primary that can reach attractive
energy > 100 kT. Flocculation in the secondary minimum is reversible and the flocs
may be redispersed withmoderate shearing forces. In contrast, coagulation is usually
irreversible and to break the aggregates a high shearing force is required, e.g. using a
bead mill.

6.3 Energy–distance curves for spherical particles
according to DLVO theory [1, 2]

Colloidal particles are certainly not infinitely large plates and, therefore, one must
consider the interaction between two spherical particles with radius a. This will give
a picture of reality, irrespective of the shape of the particles, when they are far apart.
In addition, in the theory of spherical particles, the influence of the size of the parti-
cles can be evaluated. The border effects caused by the curvature of the particles can
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be taken into account. Deryaguin [4] showed that it is possible to calculate the inter-
action of spherical particles by simple integration, when the interaction of infinitely
large flat surfaces is known. Deryaguin [4] used this method to investigate the stabil-
ity of colloids. Deryaguin’smethod [4] is more satisfactory with thin double layers and
large particles (κa ≫ 1), as will be discussed below. In the case of small particles with
an extended double layer (κa < 1), the application of linear approximation may be
allowed and gives reliable results, even for relatively high potentials.

6.3.1 Large particles with thin double layers (κa ≫ 1)

Consider two sphereswith radius a, with a distance between their centres (O1 and O2)
equal to R, as represented in Fig. 6.4.

Ho

H

D
h

dh

O1 O2

Fig. 6.4: Illustration of the build-up of the repul-
sion between two spheres out of the repulsion
between quasi-parallel layers [2].

The smallest distance between the surfaces is denoted as H0,

H0 = R − 2a. (6.5)

The extension of the double layer is of the order of (1/κ) and for large particles with
thin double layer κa ≫ 1. Let us denote κa = τ and R/a = s. The repulsive energy
between two spheres is considered to be formed by the contributions of infinitesimal
parallel rings, each pair of rings contributing to the potential energy by an amount
equal to,

2πh ⋅ 2(fh − f∞)dh, (6.6)

2fh being the free energy per m2 of two parallel plates at a distance H, h being the
distance of the ring considered from the axis of symmetry as illustrated in Fig. 6.4.
This implies the supposition that the interaction is not influenced by the adjacent ele-
ments having either a larger or a smaller distance from each other. In other words, it is
supposed that the lines of force remain parallel to the axis of symmetry O1 and O2. In
reality the lines of force will be curved outwards, the more so the greater the distance
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from the line O1O2. As the lines of force insert perpendicular to the surface of the
spheres, their curvature will be negligible as long as the angle O1O2D is small.

The total repulsive energy is obtained by integrating equation (6.6) over thewhole
surface of the spheres. Since we started with the assumption that the range of the re-
pulsion ismuch smaller than the dimensions of the spheres, the contribution of layers
far from the axis are unimportant, and it is immaterial what upper limit of integration
one takes. The value∞ is chosen since it gives the most simple expression. This same
assumption ensures that the layers giving important contributions shall be practically
parallel, the curvature of the surface beginning to be felt only where the contribution
to the repulsive energy is negligible.

Based on the above assumptions, the repulsive energy Gelec is given by,

Gelec =
∞

∫
0

2πh ⋅ 2(fh − f∞)dh. (6.7)

Since,
(H − H0

2
) = a − (a2 − h2)1/2. (6.8)

Then,

2h dh = a ⋅ dH(1 − h2

a2
)1/2

(6.9)

and it may be approximated to a dH for small values of h.
Thus, the repulsive energy is now given by,

Gelec = 2πa
∞

∫
H0

(fH − f∞)dH (6.10)

for small potentials (fH − f∞) it is given by the following expression,

2(fH − f∞) = 2nkT
κ

z2(1 − tanh
κH
2

) = εκψ2
0

4π
(1 − tanh

κH
2

), (6.11)

where z is the dimensionless potential that is given by (Zeψ0/kT).
Equation (6.10) may be integrated giving,

Gelec = εaψ2
0

2

∞

∫
H0

(1 − tanh
κH
2

)d( κH
2

) = εaψ2
0

2
ln(1 + exp−κH0), (6.12)

or,
Gelec

εaψ2
0
= ln(1 − exp−κH0)

2
. (6.13)

Since H0 = R − 2a, κH0 may be replaced by κR − 2κa = τ(s − 2), so that,
Gelec

εaψ2
0
= 1
2
ln[1 + exp−τ(s − 2)]. (6.14)
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In order to find theminimumvalue of τ(= κa) forwhich equation (6.14)may be applied
with some accuracy, two approximations are introduced, both of which tend to make
the value of Gelec too high. Firstly, the upper limit of integration is put equal to H =∞,
whereas the highest value having any physical sense should be H = 2a + H0. This
gives an error in the final expression for the repulsive energy equal to,

2πa
∞

∫
2a+H0

(fH − f∞)dH = εaψ2
0

2

∞

∫
2a+H0

(1 − tanh
κH
2

)d κH
2

= εaψ2
0

2
ln[1 + exp−κ(H0 + 2a)]

= εaψ2
0

2
ln(1 + exp−τs). (6.15)

It is easy to verify that this error remains under one percent, when (τs − 5) > τ(s − 2),
which means that expression (6.14) should not be used if τ < 25.

In the second place, the surfaces of the spheres are not parallel to each other.
This would certainly cause the reduction to be smaller than it would have been if the
surfaces are exactly parallel. For rings, the repulsive energy will be between 4πh(fH −
f∞)dh as aminimumand 2πa(fH − f∞)dH as amaximumvalue. As amaximumvalue
using 4πh dh instead of 2πa dH, the error for τ = 10 is about 5%; τ = 5 is about 10%
and for τ = 2 it is about 30%. Probably the actual errors are much smaller.

To apply the complete Gouy–Chapman equations instead of the linear approxima-
tion, one has to replace the value of (fH − f∞) given by equation (6.11) with the more
exact value of f(u, z) where u is equal to (Zeψd/kT) and z is equal to (Zeψ0/kT),

f(u, z) = Z2

κ
2(fH − f∞). (6.16)

f(u, z) is computed as a function of (κH/2). A graphic integration leads to,

G(κH0) = 2π
∞

∫
H0

f(u, z)d κH
2
. (6.17)

The function G as found by this integration for a number of values of reduced po-
tential z(= Zeψ0/kT) is represented in Fig. 6.5 together with the approximate values
according to equation (6.14).

It can be seen from Fig. 6.5 that for z = 2, the difference between the exact and
approximate expressions is very small, but for z = 3 and higher values it becomes
more and more important. The exact curves are always lower than the approximate
ones. They are flatter at large distances and steeper at small distances.
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Fig. 6.5: Repulsive potential between two spher-
ical particles using the exact expression (6.17)
and approximate expression (6.14) for high po-
tentials.

6.3.2 Small particles and extended double layers (κa is small)

The method that could be used for calculating the interaction for the case of large κa
(described above) cannot be applied for small κa. In the latter case, one calculates the
electric field in the double layer around the particles, and after that the free energy of
the double layers that is given by the following expression [2],

F = − ∫
surface

dS
ψ0

∫
0

q󸀠 dψ󸀠0, (6.18)

in which q󸀠 is the specific charge of a surface element dS󸀠 and ψ󸀠0. The integration has
to be carried out over the whole interface of the system.

The problem is simplified by introducing the approximation of small potentials,
whereby q󸀠 is directly proportional to ψ󸀠0 and the first integration leads to the simple
result,

ψ0

∫
0

q󸀠 dψ󸀠0 = 1
2
q0ψ0. (6.19)
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Since the potential of the surface is considered constant, the second integration is
equally simple and the whole integral (6.18) transforms to,

F = −∫dS∫ q󸀠ψ󸀠0 = −1
2
Qψ0, (6.20)

where Q represents the total charge of the interface.
Considering two particles which approach each other from an infinite distance to

a distance hwhere the interaction is sensible, the potential energy of interaction Gelec,
which is equal to the change in the free energy, is given by,

Gelec = ∆F = Q∞ψ0 − Q1ψ0 = ψ0(Q∞ − Q1), (6.21)

where Q∞ and Q1 are the charges of one particle when the particles are at infinitely
large distance and at a distance h, respectively. The factor 1/2 of equation (6.20) is
cancelled since one is considering two identical particles.

Equation (6.21) gives the fundamental expressionwhere one finds the relation be-
tween the charge Q and the potential ψ0.

Assuming that the potential of the surface remains constant, the potential energy
of interaction at the approaching of the particles is given by,

Gelec = ψ0(Q∞ − QR). (6.22)

Using the relationship between charge andpotential, the energy of interaction is given
by,

Gelec = ψ2
0εa

exp−τ(s − 2)
s

β, (6.23)

where ε is the permittivity, a is the particle radius, τ = κa, s = R/a (with R being the
centre-to-centre separation between the particles) and β is given by,

β = 1 + α
1 + exp−τ(s−2)

2sτ (1 + exp−2τ)(1 + α) , (6.24)

where α is the integration constant for the charge Q,

Q = Aε(1 + τ) exp−τ{1 − δ(1 + α)}, (6.25)

where A is a constant.

δ = exp−τ(s − 2)
2sτ

( τ − 1
τ + 1

+ exp−2τ) (6.26)

α = λ1(1 + 1
sτ

) + λ2(1 + 3
sτ

+ 3(sτ)2) (6.27)

Equation (6.23) shows that the potential energy of interaction is directly proportional
to the square of the surface potential, the radius of the particle and the two ratios τ (ra-
tio of the particle radius to the thickness of the double layer) and s (ratio of separation
distance to particle radius).
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As an illustration Fig. 6.6 shows the potential energy of repulsion between two
spherical particles (at constant surface potential) as a function of τ(s − 2) at various
values of τ. The quantity τ(s − 2) gives the distance between the surfaces of two parti-
cles expressed in the thickness (1/κ) of the double layer as unity. The repulsion is only
important when the particles are closer together than a few times the thickness of the
double layer. At immediate contact (s = 2), the potential energy is practically indepen-
dent of the value of κa. This is a striking contrast to the case of flat plates, where the
limiting potential energy is found to be inversely proportional to the thickness of the
double layer. It can also be seen from Fig. 6.6 that VR (or Gelec) is always positive and
diminishes monotonously with growing s.
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Fig. 6.6: Potential energy of repulsion between two spherical particles (at constant potential) τ = κa;
s = R/a, as a function of τ(s − 2) = κ(R − 2a).
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Since β is always between 0.60 and 1.0, one may neglect its influence on repulsion.
This leads to the simple approximate expression for Gelec,

Gelec = εaψ2
0
exp−τ(s − 2)

s
. (6.28)

6.3.3 Total energy of interaction

Similar to the case of flat plates, the total energy of interaction is the sum of double
layer repulsion and van der Waals attraction. The latter is given by the following ex-
pression (see Chapter 5),

GA = −A
6
( 2
s2 − 4

+ 2
s2

+ ln
s2 − 4
s2

), (6.29)

where A is the Hamaker constant.
When the particles are very close to each other and putting s = 2 + H/a, in which

H is the shortest distance between the spheres, and assuming that H ≪ a, GA may be
approximated by,

GA = − Aa
12H

= − A
12

1
s − 2

. (6.30)

Thus, the free energy of attraction decays very slowly, namely reciprocally with dis-
tance, and ever slower than it does in the case of flat plates, where it goes reciprocally
with the square of the distance. At larger separations of the two spheres, the decay is
of course faster.

As an illustration Fig. 6.7 shows the total potential energy of interaction as a func-
tion of s for various κ values (i.e. electrolyte concentrations) [2]. The potential energy
curves have the same characteristics as those found for flat plates, although there are
differences in detail. All energy curves showanegative value (attraction) at large sepa-
rations, because the van derWaals energy has a smaller slope (≈ 1/s6) to the repulsive
energy {≈ exp(−τs)}. At very small distances the van der Waals energy is again most
important, the energy reaching large negative values. At intermediate distances, i.e.
when τ(s − 2) is of the order of unity, there may be a maximum energy if the condi-
tions ofψ0, κ and A arewell chosen. In Fig. 6.7 the radius of the particles, theHamaker
constant and the surface potential are all kept constant (a = 100nm, A = 10−19 J and
ψ0 = 25.6mV).

In Fig. 6.8 κ is kept constant (108 m−1) whereas the surface potential ψ0 is varied
[2]. In both Fig. 6.7 and 6.8 the ordinate is expressed in ergs and also inmultiples of kT
(4.1 × 10−14 ergs) units. It can be seen from Fig. 6.7 and 6.8 that the maximum is al-
ways situated at about τ(s − 2) ≈ 1, shifting to somewhat smaller distances when the
maximum is high and to somewhat larger distances when τ is small.
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Fig. 6.7: Influence of electrolyte concentration (κ) on the total potential energy of interaction [2].

6.4 Influence of particle number concentration

The formulation of the DLVO theory is based on the interaction between colloidal par-
ticles in dilute dispersions. In otherwords, the particles are considered to be separated
by large distances such that only binary collisions are considered. For more concen-
trated colloidal dispersions one must consider the effect of multibody collisions and
theories that consider such complex systems are still lacking. It is perhaps useful to
define the concentration range above which a dispersion may be considered concen-
trated. The particle number concentration and volume fraction, ϕ, above which a
dispersionmay be considered concentrated is best defined in terms of the balance be-
tween the particle translational motion and interparticle interaction. At one extreme,
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Fig. 6.8: Influence of surface potential (ψ0) on the total potential energy of interaction [2].

a suspension may be considered dilute if the thermal motion (Brownian diffusion) of
the particles predominates over the imposed interparticle interaction [5, 6]. In this
case, the particle translational motion is large and only occasional contacts occur be-
tween the particles, i.e. the particles do not “see” each other until collision occurs,
giving a random arrangement of particles. In this case, the particle interactions can
be represented by two-body collisions. In such “dilute” systems, gravity effectsmay be
neglected and if the particle size range is within the colloid range (1 nm–1 µm) no set-
tling occurs. The properties of the dispersion are time independent and, therefore, any
time-average quantity such as viscosity or scattering may be extrapolated to infinite
dilution.
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As the particle number concentration is increased in a suspension, the volume of
space occupied by the particles increases relative to the total volume. Thus, a propor-
tion of the space is excluded in terms of its occupancy by a single particle. Moreover,
the particle-particle interaction increases and the forces of interaction between the
particles play a dominant role is determining the properties of the system. With a fur-
ther increase in particle number concentration, the interactive contact between the
particles increases until a situation is reached where the interaction produces a spe-
cific order between the particles, and a highly developed structure is reached. With
solid-in-liquid dispersions, such a highly ordered structure, which is close to themax-
imumpacking fraction (ϕ = 0.74 for hexagonally closed packed array ofMôn disperse
particles), is referred to as “solid” suspension. In such a system, anyparticle in the sys-
tem interacts with many neighbours and the vibration amplitude is small relative to
particle size; the properties of the system are essentially time independent [5, 6].

In between the random arrangement of particles in “dilute” suspensions and the
highly ordered structure of “solid” suspensions, onemay easily define “concentrated”
suspensions. In this case, the particle interactions occur by many body collisions and
the translational motion of the particles is restricted. However, this reduced transla-
tional motion is not as great as with “solid” suspensions, i.e. the vibrational motion
of the particles is large compared with particle size. A time-dependent system arises
in which there will be spatial and temporal correlation.

To understand the property of any dispersion, one must consider the arrange-
ment of the particles in the system: random arrangement with free diffusion; dilute
or “vapour-like”; loosely ordered with restricted diffusion; concentrated or “liquid-
like”; highly-ordered; solid or “crystal-like”.

The microstructure of the dispersion may be investigated using small angle X-ray
or neutron scattering. Once the microstructure of the system is understood, it is pos-
sible to know how the interparticle interaction influences the macrostructure of the
system such as its osmotic pressure and rheology.

A convenient method to describe the structure of the suspension is to use the ra-
dial distribution function g(r). Consider a system containing Np particles in a volume
V, then the average macroscopic density, ρ0, is expressed by [7, 8],

ρ0 = Np

V
. (6.31)

If the container is examined more closely on a microscopic scale, one can obtain the
distribution of particles around any reference particle, as is illustrated in Fig. 6.9. In
the immediate vicinity of the central particle, there is a space inwhich theparticle den-
sity is zero. With an increasing distance r from the centre of the chosen particle, and
circumscribing a ring of thickness dr, we see it contains more particles. As r becomes
very large, the number of particles within such an annulus will tend to ρ0. A function
must therefore be defined to describe the distribution of particles relative to the central
reference particle. This is defined as ρ(r)which varies with r and which describes the
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r dr

Fig. 6.9: Microscopic view (schematic) of the
distribution of particles around a central one.

distribution of particles. This density function will have two limiting values: ρ(r) → 0
as r → 2R (where R is the particle radius); ρ(r) → ρ0 as r → ∞.

The pair distribution function, g(r) can be defined as,
g(r) = ρ(r)

ρ0
. (6.32)

It leads to the radial distribution function 4πr2ρ(r). g(r) has the properties g(r) → 0
as r → 2R and g(r) → 1 as r → ∞.

g(r) is directly related to the potential ϕ(r) of mean force acting between the par-
ticles,

g(r) = exp−(ϕ(r)
kT

), (6.33)

ϕ(r) = V(r) + ψ(r), (6.34)

where V(r) is the simple pair potential and ψ(r) is a perturbation term that takes into
account the effect of many body interactions.

For very dilute systems, with particles undergoing Brownianmotion, the distribu-
tion will be random and only occasional contacts will occur between the particles, i.e.
there will be only pairwise interaction (ψ(r) = 0). In this case g(r) increases rapidly
from the value of zero at r = 2R to its maximum value of unity beyond the first shell
(Fig. 6.10 (a)). With such dilute systems (“vapour-like”), no structure develops.

For “solid” suspensions, g(r) shows distinct, sharp peaks similar to those ob-
served with atomic and molecular crystals (Fig. 6.10 (c)). For “concentrated” disper-
sions (“liquid-like”), g(r) shows the form represented in Fig. 6.10 (b). This consists of
a pronounced first peak followed by a number of oscillatory peaks damping to unity
beyond four or five particle diameters. As one proceeds outwards from the first shell,
the peaks become broader.
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Fig. 6.10: Radial distribution function for
(a) “dilute”, (b) “concentrated”, (c) “solid”
suspensions [7, 8].

The dependency of g(r) on r for colloidal dispersions can be determined by scattering
techniques [7, 8]. As an illustration Fig. 6.11 (a) shows the results for polystyrene latex
dispersions (particle radius 19 nm) in 10−4 mol dm−3 at volume fractions of 0.01, 0.04
and 0.13, whereas Fig. 6.11 (b) shows the effect of electrolyte concentration (NaCl at
10−5, 10−3 and 5 × 10−3 mol dm−3) at a constant volume fraction of 0.04, on the radial
distribution function.

The results in Fig. 6.11 (a) show that the g(r)–r curve for the most dilute latex
(ϕ = 0.01) resembles that shown in Fig. 6.10 for “dilute” systems. At ϕ = 0.04 the ini-
tial part of the curve becomesmuch steeper as the particles are close packed together,
and a clear maximum occurs followed by an oscillatory curve resembling the curve in
Fig. 6.10 for “concentrated” dispersions. At ϕ = 0.13, the amplitude of the first maxi-
mumhas increased, indicatingmore structure; the particles move even closer and are
interacting more strongly.

The effect of changing the electrolyte concentration is illustrated in Fig. 6.11 (b),
which clearly shows that the average distance between the particles is larger the lower
the electrolyte concentration. The decrease in the amplitude of the first peak with in-
creasing electrolyte concentration indicates a weakening of the structure.

It is possible, in principle, to relate themicroscopic properties of the concentrated
dispersion, described above, to its macroscopic properties, such its osmotic pressure
and the high frequency shear modulus (rigidity modulus). The osmotic pressure is
described by [7, 8],

π = NpkT − 2πN2
p

3

∞

∫
0

g(r)r3 dϕ(r)
dr

dr; (6.35)
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Fig. 6.11: (a) g(r) versus r for PS latex in 10−4 mol dm−3 NaCl: — ϕ = 0.01, --- ϕ = 0.04, ··· ϕ = 0.13.
(b) PS latex, ϕ = 0.04, ··· CNaCl = 10−5, --- CNaCl = 10−3, CNaCl = 5 × 10−3 mol dm−3 [7, 8].

and the high frequency shear modulus is given by,

G∞ = NpkT + 2πN2
p

15

∞

∫
0

g(r) d
dr

(r4 dϕ(r)
dr

)dr. (6.36)

As an illustration Fig. 6.12 shows the variation of the experimental values ofG∞withϕ
for polystyrene latex in 10−4 mol dm−3 NaCl. The theoretical calculations based on
equation (6.36) are shown (solid line) in the same figure. The agreement between ex-
perimental values of G∞ is not particularly good and the trends obtained must be
regarded as approximate [7, 8].
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Fig. 6.12: Shear modus G versus ϕ for polystyrene latex dispersions in 10−4 mol dm−3 NaCl: ⃝ exper-
imental points; — calculated based on equation (6.36).
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7 Flocculation of colloidal dispersions

7.1 Mechanism of aggregation

The DLVO theory [1, 2] predicts the process of aggregation on addition of electrolytes
with different valency. Addition of electrolyte reduces the range of the repulsive com-
ponent (due to compression of the electrical double layer) and this results in reduction
of the energy maximum, Gmax. This is illustrated in Fig. 7.1 which shows the effect of
addition of 1 : 1 electrolyte on the energy–distance curves.

G

(1/ҡ) = 1 nm
10¯¹ mol dm¯³

(1/ҡ) = 10 nm
10¯³ mol dm¯³

(1/ҡ) = 10 nm
10¯⁵ mol dm¯³

(1/ҡ) = 10 nm
10¯⁷ mol dm¯³

h

Fig. 7.1: Variation of G with h at various
electrolyte concentrations.

At very low electrolyte concentration of 10−7 mol dm−3 (corresponding to a double
layer thickness of 1000nm), the energy maximum is very high (much higher than
100 kT) and that prevents any close approach of the particles. In this case the parti-
cles remain dispersed for a very long period of time (some years). By increasing the
electrolyte concentration to 10−5 mol dm−3 (corresponding to a double layer thickness
of 100nm), the energy maximum is still high (> 100 kT) and this prevents any aggre-
gation of the particles. On increasing the electrolyte concentration to 10−3 mol dm−3

(corresponding to a double layer thickness of 10 nm), the energy maximum is re-
duced but still high enough (> 25 kT) to prevent aggregation. However, when the
electrolyte concentration is increased to 10−1 mol dm−3 (corresponding to a double
layer thickness of 1 nm), the energy maximum disappears and the energy–distance
curve becomes attractive at all separation distances. In this case, the dispersion shows
rapid coagulation and the particles in the aggregates are strongly bound to each other.

Another factor that affects electrostatic repulsion is the magnitude of the sur-
face or zeta potential. As discussed in Chapter 4, Gelec is proportional to the square
of the surface or zeta potential. As an illustration Fig. 7.2 shows calculations of the
energy–distance curves for polystyrene latex particles of 500nm radius at various
NaCl concentrations and zeta potential [3].

https://doi.org/10.1515/9783110540895-008
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Fig. 7.2: Energy–distance curves for 500 nm radius polystyrene latex particles: (—), 10−2 mol dm−3

NaCl, ζ-potential = −50 mV; (-·-·-), 10−2 mol dm−3 NaCl, ζ-potential = −20 mV; (···), 4 ×
10−1 mol dm−3 NaCl, ζ-potential = −30 mV.

It can be seen that a high energy maximum is obtained at 10−2 mol dm−3 NaCl and
ζ -potential of −50mV. When the ζ -potential is reduced to −20mV while keeping the
NaCl concentration the same, the maximum disappears. Also, at higher NaCl concen-
tration of 4 × 10−1 mol dm−3 the maximum disappears even when the ζ -potential is
increased to −30mV.

Since approximate formulae are available for Gelec and GA, quantitative expres-
sions for GT(h) can also be formulated. These can be used to derive expressions for the
coagulation concentration, which is that concentration that causes every encounter
between two colloidal particles to lead to destabilization. Verwey and Overbeek [2]
introduced the following criteria for transition between stability and instability,

GT(= Gelec + GA) = 0, (7.1)
dGT
dh

= 0, (7.2)

dGelec
dh

= −dGA
dh

. (7.3)

Using the equations for Gelec and GA, the critical coagulation concentration, CCC,
could be calculated aswill be shownbelow. The theory predicts that the CCC is directly
proportional to the surface potential ψ0 and inversely proportional to the Hamaker
constant A and the electrolyte valency Z. As will be shown below, the CCC is inversely
proportional to Z6 at high surface potential and inversely proportional to Z2 at low
surface potential.
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7.2 Kinetics of flocculation of dispersions

7.2.1 Diffusion limited aggregation (fast flocculation kinetics)

Fast flocculation kinetics represents the casewhere no energy barrier exists and hence
the process becomes diffusion controlled. This process was treated by Smoluchowki
[4],whomodelled the systemas that of diffusing spherical particleswhich stick on col-
lision but the pair potential is zero up to this contact [5, 6]. If r is the centre-to-centre
distance between a reference spherical particle with radius R and an approaching
particle with the same radius R (for a monodisperse dispersion) then contact occurs
when r = 2R. As both particles are diffusing, the net diffusion coefficient is equal to
2Dm2 s−1 [2]. The net velocity of the incoming particle is therefore 2D/Rms−1. The
surface area of the “collision sphere” is 4π(2R)2. The flux resulting from Brownian
diffusion JB through the collision sphere, if there are initially no particles per unit vol-
ume, is

JB = n0
2D
R
4π(2R)2. (7.4)

Since the above process is occurring with each particle, the collision frequency due to
Brownian diffusion is,

cB = n0JB
2

. (7.5)

The factor of 2 is introduced to prevent double counting. The diffusion coefficient is
given by the Stokes–Einstein equation,

D = kT
6πη0R

, (7.6)

where η0 is the viscosity of the medium.
Combining equations (7.4)–(7.6),

cB = n20
8kT
3η0

. (7.7)

As each collision results in coagulation, the initial coagulation rate is given by,

− dn0
dt

= n20
8kT
3η0

. (7.8)

The half-life t1/2 for the rapid coagulation rate is determined for this second-order rate
equation as,

t1/2 = 3η0
4kTn0

. (7.9)

A simple analysis of fast flocculation kinetics is to consider the process to be repre-
sented by second-order kinetics and the process is simply diffusion controlled. The
number of particles n at any time t may be related to the initial number (at t = 0) n0
by the following expression,

n = n0
1 + k0n0t

, (7.10)
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where k0 is the rate constant for fast flocculation that is related to the diffusion coeffi-
cient of the particles D, i.e.,

k = 8πDR. (7.11)

D is given by the Stokes–Einstein equation (7.6)
Combining equations (7.6) and (7.11),

k = 4
3
kT
η

= 5.5 × 10−18 m3 s−1 for water at 25 °C. (7.12)

Equation (7.12) shows that the rate constant for flocculation is directly proportional to
the temperature and inversely proportional to the viscosity of the medium. It should
also be mentioned that the viscosity of the medium decreases with increasing tem-
perature, which means that the overall effect of an increase in temperature will be an
increase in the rate constant.

The half-life t1/2 (n = (1/2)n0) can be calculated at various n0 or volume fractionϕ
as given in Tab. 7.1.

Tab. 7.1: Half-life of suspension flocculation.

R (µm) ϕ

10−5 10−2 10−1 5 × 10−1

0.1 765 s 76 ms 7.6 ms 1.5 ms
1.0 21 h 76 s 7.6 s 1.5 s

10.0 4 month 21 h 2 h 25 min

7.2.2 Potential limited aggregation (slow flocculation kinetics)

Slow flocculation kinetics was treated by Fuchs [7] who considered the effect of the
presence of an energy barrier. In this case, the pair potential slows the approach of
two particles. At any distance, the fraction of particles with thermal energy in excess
of the potential at that distance is given by the Boltzmann factor: exp(−GT/kT). The
flux through successive spherical shells as the particles approach is slowed from the
simple collision case and only a fraction of the particles that encounter one another
approach close enough to stick. The fraction of encounters that stick is 1/W, whereW
is known as the stability ratio.

W = k0
k
. (7.13)

W can be expressed as the ratio of the two fluxes,

W = 2R
∞

∫
2R

exp(GT
kT

)dr
r2
. (7.14)
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Reerink and Overbeek [8] pointed out that themaximum in the pair potential, Gmax, is
the dominant factor in restricting the approach of particles and they showed a useful
approximation to the integral of equation (7.14),

W ≈ 1
2κR

exp(Gmax
kT

). (7.15)

Since Gmax is determined by the salt concentration C and valency, one can derive an
expression relatingW to C and Z [8],

logW = −2.06 × 109(Rγ2

Z2
) log C, (7.16)

where γ is a function that is determined by the surface potential ψ0,

γ = [exp(Zeψ0/kT) − 1
exp(Zeψ0/kT) + 1

]. (7.17)

Plots of logW versus log C are shown in Fig. 7.3. The condition logW = 0 (W = 1)
is the onset of fast flocculation. The electrolyte concentration at this point defines the
critical flocculation concentration CCC. Above the CCC,W < 1 (due to the contribution
of vanderWaals attractionwhich accelerates the rate above the Smoluchowski value).
Below the CCC,W > 1 and it increases with decreasing electrolyte concentration. The
above figure also shows that the CCC decreaseswith increasing valency. At low surface
potentials, CCC ∝ 1/Z2. This referred to as the Schultze–Hardy rule.

2:2 Electrolyte 1:1 Electrolyte

log C
10¯

0

³ 10¯² 10¯¹

lo
g 

W
W

 =
 1

Fig. 7.3: log W–log C curves.

7.2.3 Weak (reversible) flocculation

Another mechanism of flocculation is that involving the secondary minimum (Gmin)
which is few kT units. In this case flocculation is weak and reversible and hence one
must consider both the rate of flocculation (forward rate kf) and deflocculation (back-
ward rate kb). In this case the rate or decrease of particle number with time is given
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by the expression,

− dn
dt

= −kfn2 + kbn. (7.18)

The backward reaction (break-up of weak flocs) reduces the overall rate of floccula-
tion.

7.2.4 Orthokinetic flocculation

This process of flocculation occurs under shearing conditions and is referred to as
orthokinetic (to distinguish it from the diffusion controlled perikinetic process). The
simplest analysis is for laminar flow, since for turbulent flow with chaotic vortices (as
is the case in a high-speed mixer) the particles are subjected to a wide and unpre-
dictable range of hydrodynamic forces. For laminar flow, the particle will move at the
velocity of the liquid at the plane coincident with the centre of the particle, vp. In this
case the total collision frequency due to flow, cf, is given by the following expression,

cf = 16
3
n2pR3(dvdx). (7.19)

As the particles approach in the shear field, the hydrodynamic interactions cause the
colliding pair to rotate and with the combination of the slowing approach due to liq-
uid drainage (lubrication stress) and Brownian motion, not all collisions will lead to
aggregation. Equation (7.19) must be reduced by a factor α (the collision frequency) to
account for this,

cf = α
16
3
n2pR3(dvdx). (7.20)

The collision frequency α is of the order 1 and a typical value would be α ≈ 0.8.(dv/dx) is the shear rate so that equation (7.20) can be written as,
cf = α

16
3
n2pR3 ̇γ. (7.21)

And the rate of orthokinetic flocculation is given by,

− dn
dt

= α
16
3
n2pR3 ̇γ. (7.22)

A comparison can bemade between the collision frequency or rate of orthokinetic and
perikinetic flocculation by comparing equations (7.22) and (7.7),

cf
cB

= 2αη0R3 ̇γ
kT

. (7.23)

If the particles are dispersed in water at a temperature of 25 °C, the ratio in equation
(7.23) becomes,

cf
cB

≈ 4 × 1017R3 ̇γ. (7.24)
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When a liquid is stirred in a beaker using a rod the velocity gradient r shear rate is in
the range 1–10 s−1,with amechanical stirrer it is about 100 s−1 and at the tip of a turbine
in a large reactor it can reach values as high as 1000–10 000 s−1. This means that the
particle radius R must be less than 1 µm if even slow mixing can be disregarded. This
shows how the effect of shear can increase the rate of aggregation.

It should be mentioned that the above analysis is for the case where there is no
energy barrier, i.e. the Smoluchowski case [4]. In the presence of an energy barrier,
i.e. potential limited aggregation, one must consider the contribution due to the hy-
drodynamic forces acting on the colliding pair [6]. Fig. 7.4 shows the forces acting on a
collision doublet in simple shear [3]. The figure shows the trajectory with the points at
which maximum compression and tension occur, i.e. at an angle θ = 45° to the shear
plane. The particles have the same radius R and the reference particle is at z = 0.

TensionCompression

ν
θ

νtangential

νradial

Fig. 7.4: Schematic representation of the ge-
ometry of a colliding pair of particles with
maximum compression and tension at θ = 45°
to the shear plane.

The velocity of the streamline coincident with the centre of colliding particle, v, at the
orientation giving the maximum force is,

v = ̇γ2R sin(45). (7.25)

The radial component of the Stokes drag force on the particle is given by,

Fh = 6πη0Rvradial = 6πη0R cos(45). (7.26)

Fh can be written as,

Fh = ± ̇γ6πη02R2 sin(45) cos(45), (7.27a)

Fh = ± ̇γ6πη02R2, (7.27b)
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where the sign ‘±’ indicates compression (+) or tension (−). The trajectory would be
altered by the colloidal forces on approach, i.e. whether there is net repulsion or at-
traction. Equation (7.27b) can be used to indicate where the stability or instability
boundaries are for a particular dispersion. This requires calculation of the interpar-
ticle force at the maximum and minimum points on the force-distance curve. Some
calculations weremade by Goodwin [3] for polystyrene latex particles with a radius of
500nm in the presence of 50mM 1 : 1 electrolyte and a zeta potential of −40mV. FT is
given by,

FT = 2πεrε0κRψd
exp(−κH)

1 + exp(−κH) − A11R
12H2 . (7.28)

The value of κR is 368 and therefore the interparticle forces change in the region very
close to the particle surface. This indicates that hydrodynamics control the trajectories
until the particles are very close to each other. The force-distance curve is shown in
Fig. 7.5, where ζ is assumed to be equal to ψd.

Fig. 7.5 shows a force maximum Fmax of 3.96 × 10−10 N and a force minimum Fmin
of−3.8 × 10−11 N. The stability boundaries are calculated as a function of shear rate as
illustrated in Fig. 7.6. This clearly shows the change in the aggregation state at different
values of ζ -potential [3].

Several features can be identified from the stability map shown in Fig. 7.6. At
ζ -potentials less than −20mV, the dispersion is coagulated at all shear rates. With a
small increase in the ζ -potential above −20mV, the dispersion shows weak floccu-
lation (secondary minimum aggregation) at low shear rates, but at high shear rates

4×10 ¹̄°

3×10 ¹̄°

2×10 ¹̄°

1×10 ¹̄°

0

–1×10 ¹̄°

F T
 (N

)

15 20 25 30 351050
H (nm)

Fig. 7.5: Force-distance curve for 500 nm polystyrene particles at 50 mM 1 : 1 electrolyte and
ζ-potential of −40 mV [3].
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Fig. 7.6: Stability map for polystyrene latex dispersions (R = 500 nm and 1 : 1 electrolyte concentra-
tion of 50 mM) as a function of ζ-potential and shear rate.

of the order of 105 s−1, the hydrodynamic forces are sufficient to cause the dispersion
to form doublets which are coagulated. This shear induced coagulation is referred
to as orthokinetic flocculation as discussed above. It is interesting to note that the
shear forces on this particle size, ionic strength and diffuse potential combination
will only break down the doublets flocculated in the secondary minimum when the
shear rates exceed 103 s−1. Although such high shear rates are readily attainable in
a viscometer, they would require a high stirrer speed when using a paddle stirrer.
Clearly such shear rates are easily achieved in pumps and large reactors with turbine
mixers. Such shear rates can also be achieved when using rotor-stator mixers (such as
Ultra-Turrax and Silverson mixers). Equations (7.27a) and (7.27b) show that the shear
forces increase as the square of the particle radius and so the stability boundaries
drop rapidly with increasing particle size as the colloidal forces change more slowly
with radius than the hydrodynamic forces. Thus particles with a radius of 3–4 µm
are much more sensitive to shear-induced aggregation than particles with an order of
magnitude lower in radius (0.3–0.4 µm).

The effect of increasing the volume fraction of the dispersion ϕ, as is the casewith
most practical systems, has a big impact on the shear-induced aggregation as clearly
illustrated in Fig. 7.6 which shows the stability map as ϕ is increased from 0.01 to 0.45.
When dealing with concentrated dispersions one must consider the “multibody” hy-
drodynamic forces. Using a mean field approximation, Krieger and Dougherty [9, 10]
related the viscosity of the suspension η with that of the medium η0 by the following
semi-empirical equation,

η = η0(1 − ϕ
ϕp

)−[η]ϕp

, (7.29)
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where ϕp is the maximum packing fraction that is ≈0.605 (for random packing) and[η] is the intrinsic viscosity that is equal to 2.5 for hard spheres. Equation (7.29) be-
comes,

η = η0(1 − ϕ
0.605

)−1.513. (7.30)

The stability boundaries for ϕ = 0.45 are shown in Fig. 7.6 (dashed line) and this
clearly shows the drop resulting from the increase in the viscous forces at high vol-
ume fraction as predicted by equation (7.30). The boundaries drop in proportion to
the viscous forces as expected, so it is easier to break up flocculated pairs with an ap-
plied shear field. This means that a larger fraction of the stable area that is occupied
by the particles that can be considered “dispersed” occurs at lower shear rates when
compared with the case of dilute dispersions. The range of stability under shear at
moderate ζ -potentials is reduced with increasing the solid volume fraction.

7.2.5 Aggregate structure

When dealing with aggregated systems, the floc structure plays an important role
in applications. For example, the rheological properties change dramatically so that
handling can become very difficult. A good example is the case of “dewatering” of
suspensions by filtration. Filtration may start as an easy separation process once the
system is aggregated, but the final “dewatering” is limited so subsequent drying can
be a slow and expensive process. In this case, a weakly aggregated structure would
be a preferable situation so that collapse of the filter cake to high solids density can
be achieved. In the case of ceramic pastes, the rheology of the weakly aggregated
open structures is excellent for shape formation with minimum elastic recovery after
yield has occurred at moderate to high stress. However, this open structure results in
considerable shrinkage on drying and firing.

The mode of aggregation that occurs in the absence (diffusion-limited aggrega-
tion) of a barrier can result in the formation of an open-dendritic or fractal-type of
structure. In this case, the particles collide and stick as they diffuse. Computer mod-
els generate this type of open branched structure and some careful experiments have
confirmed thesemodels [6]. As these aggregates grow by accretion of “stick” particles,
they grow into each other and span the available space [3]. This point is referred to
as the “percolation threshold”. At higher concentrations, denser structures result and
these aremoredifficult to definebya single parameter suchas the “fractal dimension”.
These structures are modified in practice by addition of coagulants and application of
shear during mixing. The shear forces on these large and fragile structures compact
them to relatively high densities [11]. In some cases, systems ofmonodisperse particles
can be compacted by shearing the coagulating system to random packing densities
ϕ ≈ 0.64. These strongly aggregated systems are “metastable” structures. The lowest
energy configuration would be a very dense unit with the maximum number and/or

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



References | 127

area of contacts. However, the fractal structure of a dilute, strongly aggregated system
would be very long lived in the absence of external forces since (Gmin)primary ≫ kT and
densification purely by diffusive motion would be imperceptibly slow.

The structures obtained depend on the processing and strength of the attractive
interaction. The latter can be controlled by addition of materials to the surface prior
to coagulation, e.g. by adding nonionic surfactants or polymers which provide a steric
barrier thus limiting the aggregation to weak flocculation [12].
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8 Association colloids

8.1 Introduction

As mentioned in Chapter 1, surfactants form association structures (self-assembly
units) forming micelles with different shapes that have dimensions in the colloid
range. Before describing the driving force for micelle formation, it is essential to give
a description of the general classification of surfactant systems. This is followed by
a section on the physical chemistry of surfactant solutions and the thermodynamics
of the association process. By considering the free energy of micelle formation it is
possible to demonstrate the spontaneous process of micelle formation. The various
association structures that are produced are then described. In order to understand
the driving force for micelle formation, one must consider the enthalpy and entropy
of micellization. As will be shown, the driving force for micelle formation is deter-
mined by the large and positive entropy that is determined by the reduction of contact
between hydrocarbon chains and the water molecules (the so-called hydrophobic
effect). As a result, the water molecules around the hydrocarbon chains associate by
hydrogen bonding forming “icebergs”. On association of the surfactant molecules,
these “icebergs” melt, resulting in an increase of the entropy of the system.

8.2 General classification of surfactants

A simple classification of surfactants based on the nature of the hydrophilic group is
commonly used. Four main classes may be distinguished, namely anionic, cationic,
amphoteric and nonionic [1, 2]. A useful technical reference is McCutcheon [3], which
is produced annually to update the list of available surfactants. A text by van Os et al.
[4] listing the physicochemical properties of selected anionic, cationic and nonionic
surfactants has been published by Elsevier. Another useful text is the Handbook of
Surfactants by Porter [5]. It should be mentioned also that a fifth class of surfactants,
usually referred to as polymeric surfactants, has been used for many years for prepa-
ration of emulsions and suspensions and their stabilization.

8.2.1 Anionic surfactants

These are the most widely used class of surfactants in industrial applications [5–7].
This is due to their relatively low cost of manufacture and they are practically used
in every type of detergent. For optimum detergency, the hydrophobic chain is a linear
alkyl group with a chain length in the region of 12–16 C atoms and the polar head
group should be at the end of the chain. Linear chains are preferred since they are

https://doi.org/10.1515/9783110540895-009
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more effective and more degradable than the branched chains. The most commonly
used hydrophilic groups are carboxylates, sulphates, sulphonates and phosphates. A
general formula may be ascribed to anionic surfactants as follows:
– Carboxylates: CnH2n+1COO−X+

– Sulphates: CnH2n+1OSO−3X
+

– Sulphonates: CnH2n+1SO−3X
+

– Phosphates: CnH2n+1OPO(OH)O−X+
with n being the range 8–16 atoms and the counterion X+ is usually Na+.

Several other anionic surfactants are commercially available such as sulphosucci-
nates, isethionates (esters of isothionic acid with the general formula RCOOCH2–
CH2–SO3Na) and taurates (derivatives of methyl taurine with the general formula
RCON(R′)CH2–CH2–SO3Na), sarchosinates (with the general formula RCON(R′)COO
Na) and these are sometimes used for special applications. Below a brief description
of the above anionic classes is given with some of their applications.

8.2.1.1 Carboxylates
These are perhaps the earliest known surfactants, since they constitute the earliest
soaps, e.g. sodiumor potassiumstearate, C17H35COONa, sodiummyristate, C14H29COO
Na. The alkyl groupmay contain unsaturated portions, e.g. sodium oleate, which con-
tains one double bond in the C17 alkyl chain. Most commercial soaps will be amixture
of fatty acids obtained from tallow, coconut oil, palm oil, etc. They are simply pre-
pared by saponification of the triglycerides of oils and fats. The main attraction of
these simple soaps is their low cost, their ready biodegradability and low toxicity.
Their main disadvantage is their ready precipitation in water containing bivalent ions
such as Ca2+ and Mg2+. To avoid their precipitation in hard water, the carboxylates
are modified by introducing some hydrophilic chains, e.g. ethoxy carboxylates with
the general structure RO(CH2CH2O)nCH2COO−, ester carboxylates containing hydroxyl
or multi-COOH groups, sarcosinates which contain an amide group with the general
structure RCON(R′)COO−. The addition of the ethoxylated groups results in increased
water solubility and enhanced chemical stability (no hydrolysis). The modified ether
carboxylates are alsomore compatiblewith electrolytes. Theyare also compatiblewith
other nonionic, amphoteric and sometimes even cationic surfactants. The ester car-
boxylates are very soluble in water, but they suffer from the problem of hydrolysis.
The sarcosinates are not very soluble in acid or neutral solutions but they are quite
soluble in alkaline media. They are compatible with other anionics, nonionics and
cationics. The phosphate esters have very interesting properties being intermediate
between ethoxylated nonionics and sulphated derivatives. They have good compati-
bilitywith inorganic builders and they canbe good emulsifiers. A specific salt of a fatty
acid is lithium 12-hydroxystearic acid that forms the major constituent of greases.
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8.2.1.2 Sulphates
These are the largest and most important class of synthetic surfactants, which are
produced by reaction of an alcohol with sulphuric acid, i.e. they are esters of sul-
phuric acid. Inpractice, sulphuric acid is seldomusedand chlorosulphonic or sulphur
dioxide/air mixtures are the most common methods of sulphating the alcohol. How-
ever, due to their chemical instability (hydrolysing to the alcohol, particularly in acid
solutions), they are now overtaken by the sulphonates which are chemically stable.
The properties of sulphate surfactants depend on the nature of the alkyl chain and
the sulphate group. The alkali metal salts show good solubility in water, but they
tend to be affected by the presence of electrolytes. The most common sulphate sur-
factant is sodium dodecyl sulphate (abbreviated as SDS and sometimes referred to
as sodium lauryl sulphate) which is extensively used both for fundamental studies
as well as in many applications in industry. At room temperature (≈ 25 °C) this sur-
factant is quite soluble and 30% aqueous solutions are fairly fluid (low viscosity).
However, below 25 °C, the surfactant may separate out as a soft paste as the tempera-
ture falls below its Krafft point (the temperature above which the surfactant shows a
rapid increase in solubility with a further increase in temperature). The latter depends
on the distribution of chain lengths in the alkyl chain: the wider the distribution the
lower the Krafft temperature. Thus, by controlling this distribution one may achieve a
Krafft temperature of ≈ 10 °C. As the surfactant concentration is increased to 30–40%
(depending on the distribution of chain length in the alkyl group), the viscosity of
the solution increases very rapidly and may produce a gel but then falls at about
60–70% to give a pourable liquid, after which it increases again to a gel. The con-
centration at which the minimum occurs varies according to the alcohol sulphate
used, and also the presence of impurities such as unsaturated alcohol. The viscosity
of the aqueous solutions can be reduced by addition of short chain alcohols and gly-
cols. The critical micelle concentration (cmc) of SDS (the concentration above which
the properties of the solution show abrupt changes) is 8 × 10−3 mol dm−3 (0.24%).
The alkyl sulphates give good foaming properties with an optimum at C12–C14. As
with the carboxylates, the sulphate surfactants are also chemicallymodified to change
their properties. The most common modification is to introduce some ethylene oxide
units in the chain, usually referred to as alcohol ether sulphates. These are made by
sulphation of ethoxylated alcohols. For example, sodium dodecyl 3-mole ether sul-
phate, which is essentially dodecyl alcohol reacted with 3mol EO, then sulphated
andneutralized byNaOH. Thepresence of PEO confers improved solubilitywhen com-
pared with the straight alcohol sulphates. In addition, the surfactant becomes more
compatible with electrolytes in aqueous solution. The ether sulphates are also more
chemically stable than the alcohol sulphates. The cmc of the ether sulphates is also
lower than the corresponding surfactantwithout the EOunits. The viscosity behaviour
of aqueous solutions is similar to alcohol sulphates, giving gels in the range 30–60%.
The ether sulphates show a pronounced salt effect, with a significant increase in the
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viscosity of a dilute solution on addition of electrolytes such as NaCl. The ether sul-
phates are commonly used in hand dishwashing and in shampoos in combination
with amphoteric surfactants.

8.2.1.3 Sulphonates
With sulphonates, the sulphur atom is directly attached to the carbon atom of the
alkyl group and this gives the molecule stability against hydrolysis, when compared
with the sulphates (whereby the sulphur atom is indirectly linked to the carbon
of the hydrophobe via an oxygen atom). The alkyl aryl sulphonates are the most
common type of these surfactants (for example sodium alkyl benzene sulphonate)
and these are usually prepared by reaction of sulphuric acid with alkyl aryl hydro-
carbons, e.g. dodecyl benzene. A special class of sulphonate surfactants are the
naphthalene and alkyl naphthalene sulphonates, which are commonly used as
dispersants. As with the sulphates, some chemical modification is used by intro-
ducing ethylene oxide units, e.g. sodium nonylphenol 2-mole ethoxylate ethane
sulphonate C9H19C6H4(OCH2CH2)2SO−3Na+. The paraffin sulphonates are produced
by sulpho-oxidation of normal linear paraffins with sulphur dioxide and oxygen
and catalyzed with ultraviolet or gamma radiation. The resulting alkane sulphonic
acid is neutralized with NaOH. These surfactants have excellent water solubility and
biodegradability. They are also compatible with many aqueous ions. The linear alkyl
benzene sulphonates (LABS) are manufactured from alkyl benzene and the alkyl
chain length can vary from C8 to C15 and their properties are mainly influenced by the
average molecular weight and the spread of carbon number of the alkyl side chain.
The cmc of sodium dodecyl benzene sulphonate is 5 × 10−3 mol dm−3 (0.18%). The
main disadvantage of LABS is their effect on the skin and hence they cannot be used
in personal care formulations.

Another class of sulphonates is the α-olefin sulphonates which are prepared
by reacting linear α-olefin with sulphur trioxide, typically yielding a mixture of
alkene sulphonates (60–70%), 3- and 4-hydroxyalkane sulphonates (≈ 30%) and
some disulphonates and other species. The two main α-olefin fractions used as start-
ing material are C12–C16 and C16–C18. Fatty acid and ester sulphonates are produced
by sulphonation of unsaturated fatty acids or esters. A good example is sulphonated
oleic acid,

CH (CH ) CH(CH ) COOH
|

SO H
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Aspecial class of sulphonates are sulphosuccinateswhichare esters of sulphosuccinic
acid,

CH COOH
|

HSO CH COOH

Both mono- and diesters are produced. A widely used diester in many formulations
is sodium di(2-ethylhexyl)sulphosuccinate (that is sold commercially under the trade
nameAerosol OT). The cmc of the diesters is very low, in the region of 0.06% for C6–C8
sodium salts and they give aminimum surface tension of 26mNm−1 for the C8 diester.
Thus these molecules are excellent wetting agents. The diesters are soluble both in
water and in many organic solvents. They are particularly useful for preparation of
water-in-oil (W/O) microemulsions.

8.2.1.4 Isethionates
These are esters of isethionic acid HOCH2CH2SO3H. They are prepared by reaction of
acid chloride (of the fatty acid) with sodium isethionate. The sodium salts of C12–14 are
soluble at high temperature (70 °C) but they have very low solubility (0.01%) at 25 °C.
They are compatible with aqueous ions and hence they can reduce the formation of
scum in hardwater. They are stable at pH 6–8 but they undergo hydrolysis outside this
range. They also have good foaming properties.

8.2.1.5 Taurates
These are derivatives of methyl taurine CH2–NH–CH2–CH2–SO3. This is made by reac-
tion of sodium isethionate with methyl amine. The taurates are prepared by reaction
of fatty acid chloride withmethyl taurine. Unlike the isethionates, the taurates are not
sensitive to low pH. They have good foaming properties and they are good wetting
agents.

8.2.1.6 Phosphate containing anionic surfactants
Both alkyl phosphates and alkyl ether phosphates are made by treating the fatty alco-
hol or alcohol ethoxylates with a phosphorylating agent, usually phosphorous pen-
toxide, P4O10. The reaction yields amixture of mono- and diesters of phosphoric acid.
The ratio of the two esters is determined by the ratio of the reactants and the amount
of water present in the reaction mixture. The physicochemical properties of the alkyl
phosphate surfactants depend on the ratio of the esters. They have properties inter-
mediate between ethoxylated nonionics (see below) and the sulphated derivatives.
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They have good compatibility with inorganic builders and good emulsifying proper-
ties. Phosphate surfactants are used in the metal working industry due to their anti-
corrosive properties.

8.2.2 Cationic surfactants

The most common cationic surfactants are the quaternary ammonium compounds
[8, 9]with the general formulaR′R′′R′′′R′′′′N+X−,whereX− is usually a chloride ionand
R represents alkyl groups. These quaternaries aremade by reacting an appropriate ter-
tiary amine with an organic halide or organic sulphate. A common class of cationics
is the alkyl trimethyl ammonium chloride, where R contains 8–18 C atoms, e.g. do-
decyl trimethyl ammonium chloride, C12H25(CH3)3NCl. Another widely used cationic
surfactant class is that containing two long chain alkyl groups, i.e. dialkyl dimethyl
ammonium chloride, with the alkyl groups having a chain length of 8–18 C atoms.
These dialkyl surfactants are less soluble in water than the monoalkyl quaternary
compounds, but they are commonly used in detergents as fabric softeners. A widely
used cationic surfactant is alkyl dimethyl benzyl ammonium chloride (sometimes re-
ferred to as benzalkonium chloride and widely used as bactericide), having the struc-
ture,

N
CH

2
CH

3

Cl –

CH
3

C
12

H
25

Imidazolines canalso formquaternaries, themost commonproduct being theditallow
derivative quaternized with dimethyl sulphate,

CH
|

[C H C – N – CH – CH – NH – CO – C H ]+
|| |

HCHCN SO−
\ //

C
H

Cationic surfactants can also bemodified by incorporating polyethylene oxide chains,
e.g. dodecyl methyl polyethylene oxide ammonium chloride having the structure,

C H (CH CH O)nH
\ + /

N Cl−
/ \

CH (CH CH O)nH
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Cationic surfactants are generally water soluble when there is only one long alkyl
group. When there are two or more long chain hydrophobes, the product becomes
dispersible in water and soluble in organic solvents. They are generally compatible
with most inorganic ions and hard water, but they are incompatible with metasili-
cates and highly condensed phosphates. They are also incompatible with protein-like
materials. Cationics are generally stable to pH changes, both acid and alkaline. They
are incompatible withmost anionic surfactants, but they are compatible with nonion-
ics. These cationic surfactants are insoluble in hydrocarbon oils. In contrast, cationics
with two or more long alkyl chains are soluble in hydrocarbon solvents, but they be-
come only dispersible in water (sometimes forming bilayer vesicle-type structures).
They are generally chemically stable and can tolerate electrolytes. The cmc of cationic
surfactants is close to that of anionics with the same alkyl chain length. For exam-
ple, the cmc of benzalkonium chloride is 0.17%. The prime use of cationic surfactants
is their tendency to adsorb at negatively charged surfaces, e.g. anticorrosive agents
for steel, flotation collectors for mineral ores, dispersants for inorganic pigments, an-
tistatic agents for plastics, antistatic agents and fabric softeners, hair conditioners,
anticaking agent for fertilizers and as bactericides.

8.2.3 Amphoteric (zwitterionic) surfactants

These are surfactants containing both cationic and anionic groups [10]. Themost com-
mon amphoterics are the N-alkyl betaines which are derivatives of trimethyl glycine
(CH3)3NCH2COOH (that was described as betaine). An example of betaine surfactant
is lauryl amido propyl dimethyl betaine C12H25CON(CH3)2CH2COOH. These alkyl be-
taines are sometimes described as alkyl dimethyl glycinates. The main characteristic
of amphoteric surfactants is their dependence on the pH of the solution in which they
are dissolved. In acid pH solutions, the molecule acquires a positive charge and it be-
haves like a cationic,whereas in alkalinepHsolutions theybecomenegatively charged
and behave like an anionic. A specific pH can be defined at which both ionic groups
show equal ionization (the isoelectric point of themolecule). This can be described by
the following scheme,

N+ . . . COOH ↔ N+ . . . COO− ↔ NH . . . COO−
acid pH < >

Amphoteric surfactants are sometimes referred to as zwitterionic molecules. They are
soluble in water, but the solubility shows aminimum at the isoelectric point. Ampho-
terics show excellent compatibility with other surfactants, forming mixed micelles.
They are chemically stable both in acids and alkalis. The surface activity of ampho-
terics varies widely and it depends on the distance between the charged groups, and
they show a maximum in surface activity at the isoelectric point.
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Another class of amphoterics are the N-alkyl amino propionates having the struc-
ture R–NHCH2CH2COOH. The NH group is reactive and can react with another acid
molecule (e.g. acrylic) to form an amino dipropionate R–N(CH2CH2COOH)2. Alkyl
imidazoline-based product can also be produced by reacting alkyl imidazoline with a
chloro acid. However, the imidazoline ring breaks down during the formation of the
amphoteric.

The change in charge with pH of amphoteric surfactants affects their properties,
such as wetting, detergency, foaming, etc. At the isoelectric point (IEP), the properties
of amphoterics resemble those of nonionics very closely. Below and above the IEP, the
properties shift towards those of cationic and anionic surfactants respectively. Zwitte-
rionic surfactants have excellent dermatological properties. They also exhibit low eye
irritation and they are frequently used in shampoos and other personal care products
(cosmetics). Due to their mild characteristics, i.e. low eye and skin irritation, ampho-
terics are widely used in shampoos. They also provide antistatic properties to hair,
good conditioning and foam booster.

8.2.4 Nonionic surfactants

The most common nonionic surfactants are those based on ethylene oxide, re-
ferred to as ethoxylated surfactants [11–13]. Several classes can be distinguished:
alcohol ethoxylates, alkyl phenol ethoxylates, fatty acid ethoxylates, monoalkao-
lamide ethoxylates, sorbitan ester ethoxylates, fatty amine ethoxylates and ethylene
oxide-propylene oxide copolymers (sometimes referred to as polymeric surfactants).
Another important class of nonionics are the multihydroxy products such as glycol
esters, glycerol (and polyglycerol) esters, glucosides (and polyglucosides) and sucrose
esters. Amine oxides and sulphinyl surfactants represent nonionics with a small head
group.

8.2.4.1 Alcohol ethoxylates
These are generally produced by ethoxylation of a fatty chain alcohol such as dode-
canol. Several generic names are given to this class of surfactants such as ethoxylated
fatty alcohols, alkyl polyoxyethylene glycol, monoalkyl polyethylene oxide glycol
ethers, etc. A typical example is dodecyl hexaoxyethylene glycol monoether with
the chemical formula C12H25(OCH2CH2O)6OH (sometimes abbreviated as C12E6). In
practice, the starting alcohol will have a distribution of alkyl chain lengths and the
resulting ethoxylate will have a distribution of ethylene oxide (EO) chain lengths.
Thus the numbers listed in the literature refer to average numbers.

The cmc of nonionic surfactants is about two orders of magnitude lower than
the corresponding anionics with the same alkyl chain length. At a given alkyl chain
length, the cmc decreaseswith decreasing number of EOunits. The solubility of the al-
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cohol ethoxylates depends both on the alkyl chain length and the number of ethylene
oxide units in themolecule.Moleculeswith an average alkyl chain length of 12 C atoms
and containingmore than 5 EOunits are usually soluble inwater at room temperature.
However, as the temperature of the solution is gradually raised, the solution becomes
cloudy (as a result of dehydration of the PEO chain and the change in the conforma-
tion of the PEO chain) and the temperature at which this occurs is referred to as the
cloud point (CP) of the surfactant. At a given alkyl chain length, the CP increases with
increasing EO chain of the molecule. The CP changes with changing concentration
of the surfactant solution and the trade literature usually quotes the CP of a 1% so-
lution. The CP is also affected by the presence of electrolyte in the aqueous solution.
Most electrolytes lower the CP of a nonionic surfactant solution. Nonionics tend to
have maximum surface activity near to the cloud point. The CP of most nonionics
increases markedly on the addition of small quantities of anionic surfactants. The
surface tension of alcohol ethoxylate solutions decreases with as its concentration
increase, until it reaches its cmc, after which it remains constant with any further
increase in its concentration. The minimum surface tension reached at and above
the cmc decreases with decreasing number of EO units of the chain (at a given alkyl
chain). The viscosity of a nonionic surfactant solution increases gradually with in-
creasing its concentration, but at a critical concentration (which depends on the alkyl
and EO chain length) the viscosity shows a rapid increase and ultimately a gel-like
structure appears. This results from the formation of liquid crystalline structure of the
hexagonal type. Inmany cases, the viscosity reaches amaximum after which it shows
a decrease due to the formation of other structures (e.g. lamellar phases) (see below).

8.2.4.2 Alkyl phenol ethoxylates
These are prepared by reaction of ethylene oxide with the appropriate alkyl phenol.
The most common surfactants of this type are those based on nonylphenol. These
surfactants are cheap to produce, but they suffer from the problem of biodegradabil-
ity and potential toxicity (the by-product of degradation is nonylphenol which has
considerable toxicity for fish and mammals). In spite of these problems, nonylphenol
ethoxylates are still used in many industrial applications, due to their advantageous
properties, such as their solubility both in aqueous andnonaqueousmedia, their good
emulsification and dispersion properties, etc.

8.2.4.3 Fatty acid ethoxylates
These are produced by reaction of ethylene oxide with a fatty acid or a polyglycol and
they have the general formula RCOO–(CH2CH2O)nH.When a polyglycol is used, amix-
ture of mono- and diester (RCOO–(CH2CH2O)n–OCOR) is produced. These surfactants
are generally soluble in water provided there are enough EO units and the alkyl chain
length of the acid is not too long. The mono-esters are much more soluble in water
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than the diesters. In the latter case, a longer EO chain is required to render the mol-
ecule soluble. The surfactants are compatible with aqueous ions, provided there is
not much unreacted acid. However, these surfactants undergo hydrolysis in highly
alkaline solutions.

8.2.4.4 Sorbitan esters and their ethoxylated derivatives (Spans and Tweens)
The fatty acid esters of sorbitan (generally referred to as Spans, an Atlas commercial
trade name) and their ethoxylated derivatives (generally referred to as Tweens) are
perhaps one of the most commonly used nonionics. They were first commercialized
by Atlas in the USA, which has since been purchased by ICI. The sorbitan esters are
produced by reaction of sorbitol with a fatty acid at a high temperature (> 200 °C). The
sorbitol dehydrates to 1,4-sorbitan and then esterification takes place. If one mole of
fatty acid is reacted with one mole of sorbitol, one obtains a mono-ester (some diester
is also produced as a by-product). Thus, sorbitanmono-ester has the following general
formula,

H ― C ― OH

CH2

HO ― C ― H

H ― C

H ― C ― OH

CH2OCOR

O

The free OH groups in the molecule can be esterified, producing di- and triesters. Sev-
eral products are available depending on the nature of the alkyl group of the acid and
whether the product is a mono-, di- or triester. Some examples are given below,
– Sorbitan monolaurate – Span 20
– Sorbitan monopalmitate – Span 40
– Sorbitan monostearate – Span 60
– Sorbitan mono-oleate – Span 80
– Sorbitan tristearate – Span 65
– Sorbitan trioleate – Span 85

The ethoxylated derivatives of Spans (Tweens) are produced by reaction of ethylene
oxide on any hydroxyl group remaining on the sorbitan ester group. Alternatively, the
sorbitol is first ethoxylatedand thenesterified.However, thefinal product hasdifferent
surfactant properties to the Tweens. Examples of Tween surfactants are given below,
– Polyoxyethylene (20) sorbitan monolaurate – Tween 20
– Polyoxyethylene (20) sorbitan monopalmitate – Tween 40

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



8.2 General classification of surfactants | 139

– Polyoxyethylene (20) sorbitan monostearate – Tween 60
– Polyoxyethylene (20) sorbitan mono-oleate – Tween 80
– Polyoxyethylene (20) sorbitan tristearate – Tween 65
– Polyoxyethylene (20) sorbitan tri-oleate – Tween 85

The sorbitan esters are insoluble in water, but soluble in most organic solvents (low
HLBnumber surfactants). The ethoxylatedproducts are generally soluble inwater and
they have relatively high HLB numbers. One of the main advantages of the sorbitan
esters and their ethoxylated derivatives is their approval as food additives. They are
also widely used in cosmetics and some pharmaceutical preparations.

8.2.4.5 Ethoxylated fats and oils
A number of natural fats and oils have been ethoxylated, e.g. lanolin (wool fat) and
castor oil ethoxylates. These products are useful for applications in pharmaceutical
products, e.g. as solubilizers.

8.2.4.6 Amine ethoxylates
These are preparedby addition of ethylene oxide to primary or secondary fatty amines.
With primary amines both hydrogen atoms on the amine group react with ethylene
oxide and therefore the resulting surfactant has the structure,

(CH CH O)xH
/

R – N
\

(CH CH O)yH

The above surfactants acquire a cationic character if the EO units are small in num-
ber and if the pH is low. However, at high EO levels and neutral pH they behave very
similarly to nonionics. At low EO content, the surfactants are not soluble in water, but
become soluble in an acid solution. At high pH, the amine ethoxylates are water sol-
uble provided the alkyl chain length of the compound is not long (usually a C12 chain
is adequate for reasonable solubility at sufficient EO content.

8.2.4.7 Amine oxides
These are prepared by oxidizing a tertiary nitrogen group with aqueous hydrogen per-
oxide at temperatures in the region60–80 °C. Several examples canbequoted:N-alkyl
amidopropyl-dimethyl amine oxide, N-alkyl bis(2-hydroxyethyl) amine oxide and N-
alkyl dimethyl amine oxide. They have the general formula,
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CH
|

CocoCONHCH CH CH N→ O Alkyl amidopropyl-dimethyl amine oxide
|

CH

CH CH OH
|

Coco N→ O Coco bis (2-hydroxyethyl) amine oxide
|

CH CH OH

CH
|

CH H N→ O Lauryl dimethyl amine oxide
|

CH

In acid solutions, the amino group is protonated and acts as a cationic surfactant.
In neutral or alkaline solution the amine oxides are essentially nonionic in character.
Alkyl dimethyl amine oxides arewater soluble up toC16 alkyl chain. AbovepH9, amine
oxides are compatible with most anionics. At pH 6.5 and below some anionics tend to
interact and form precipitates. In combination with anionics, amine oxides can be
foam boosters (e.g. in shampoos).

8.2.4.8 Surfactants derived from mono- and polysaccharides
Several surfactants have been synthesized starting from mono- or oligo-saccharides
by reaction with the multifunctional hydroxyl groups: alkyl glucosides, alkyl polyglu-
cosides [14], sugar fatty acid esters and sucrose esters [15], etc. The technical problem
is one of joining a hydrophobic group to the multihydroxyl structure. Several surfac-
tants have been made, e.g. esterification of sucrose with fatty acids or fatty glycerides
to produce sucrose esters having the following structure,

CH2OH

CH2OHO O

O

OH

H OH

H

HH

OH

HOH

H

OH

H
H

CH2COOR
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The most interesting sugar surfactants are the alkyl polyglucosides (APG) which are
synthesized using a two stage transacetalization process [15]. In the first stage, the car-
bohydrate reacts with a short chain alcohol, e.g. butanol or propylene glycol. In the
second stage, the short chain alkyl glucoside is transacetalized with a relatively long
chain alcohol (C12–14–OH) to form the required alkyl polyglucoside. This process is ap-
plied if oligo- andpolyglucoses (e.g. starch, syrupswith a lowdextrose equivalent, DE)
are used. In a simplified transacetalization process, syrups with high glucose content
(DE > 96%) or solid glucose types can react with short chain alcohols under normal
pressure. The scheme for alkyl polyglucoside synthesis is shown below. Commercial
alkyl polyglucosides (APG) are complex mixtures of species varying in the degree of
polymerization (DP, usually in the range 1.1–3) and in the length of the alkyl chain.
When the latter is shorter than C14 the product is water soluble. The cmc values of
APGs are comparable to nonionic surfactants and they decrease with increasing alkyl
chain length.

APG surfactants have good solubility in water and they have high cloud points
(> 100 °C). They are stable in neutral and alkaline solutions but are unstable in strong
acid solutions. APG surfactants can tolerate high electrolyte concentrations and they
are compatible with most types of surfactants. They are used in personal care prod-
ucts for cleansing formulations as well as for skin care and hair products. They are
also used in hard-surface cleaners and laundry detergents. Several applications in
agrochemical formulations can bementioned, such aswetting agents and penetrating
agents for the active ingredient.

8.3 Aggregation of surfactants, self-assembly structures,
liquid crystalline phases

The physical properties of surface active agent solutions differ from those of non-
amphipathic molecule solutions (such as sugars) in one major aspect, namely the
abrupt changes in their properties above a critical concentration [16]. This is illus-
trated in Fig. 8.1 which shows plots of several physical properties (osmotic pressure,
surface tension, turbidity, solubilization, magnetic resonance, equivalent conductiv-
ity and self-diffusion) as a function of concentration for an anionic surfactant. At low
concentrations, most properties are similar to those of a simple electrolyte. One no-
table exception is the surface tension, which decreases rapidly with increasing surfac-
tant concentration. However, all the properties (interfacial and bulk) show an abrupt
change at a particular concentration, which is consistent with the fact that at and
above this concentration, surface active molecules or ions associate to form larger
units. These associated units are called micelles (self-assembled structures) and the
first formed aggregates are generally approximately spherical in shape. A schematic
representation of a spherical micelle is given in Fig. 8.2 [17].
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Fig. 8.1: Variation of solution properties with
surfactant concentration.

1  nm

Fig. 8.2: Illustration of a spherical micelle for
dodecyl sulphate [17].

The concentration at which this association phenomenon occurs is known as the crit-
ical micelle concentration (cmc). Each surfactant molecules has a characteristic cmc
value at a given temperature and electrolyte concentration. The most common tech-
nique for measuring the cmc is surface tension, γ, which shows a break at the cmc,
after which γ remains virtually constant with any further increase in concentration.
However, other techniques such as self-diffusion measurements, NMR and fluores-
cence spectroscopy can be applied. A compilation of cmc values has been given in
1971 by Mukerjee and Mysels [18], which is clearly not an up-to-date text, but is an ex-
tremely valuable reference. As an illustration, the cmc values of a number of surface
active agents are given in Tab. 8.1, to show some of the general trends [18]. Within any
class of surface active agent, the cmc decreases with increasing chain length of the
hydrophobic portion (alkyl group). As a general rule, the cmc decreases by a factor
of 2 for ionics (without added salt) and by a factor of 3 for nonionics on adding one
methylene group to the alkyl chain. With nonionic surfactants, increasing the length
of the hydrophilic group (polyethylene oxide) causes an increase in cmc.

In general, nonionic surfactants have lower cmc values than their corresponding
ionic surfactants of the same alkyl chain length. Incorporation of a phenyl group in
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Tab. 8.1: Critical micelle concentration of surfactant classes.

Surface active agent cmc (mol dm−3)

(A) Anionic
Sodium octyl-l-sulphate 1.30 × 10−1

Sodium decyl-l-sulphate 3.32 × 10−2

Sodium dodecyl-l-sulphate 8.39 × 10−3

Sodium tetradecyl-l-sulphate 2.05 × 10−3

(B) Cationic
Octyl trimethyl ammonium bromide 1.30 × 10−1

Decetryl trimethyl ammonium bromide 6.46 × 10−2

Dodecyl trimethyl ammonium bromide 1.56 × 10−2

Hexactecyltrimethyl ammonium bromide 9.20 × 10−4

(C) Nonionic
Octyl hexaoxyethylene glycol monoether C8E6 9.80 × 10−3

Decyl hexaoxyethylene glycol monoether C10E6 9.00 × 10−4

Decyl nonaoxyethylene glycol monoether C10E9 1.30 × 10−3

Dodecyl hexaoxyethylene glycol monoether C12E6 8.70 × 10−5

Octylphenyl hexaoxyethylene glycol monoetherC8E6 2.05 × 10−4

the alkyl group increases its hydrophobicity to a much smaller extent than increasing
its chain length with the same number of carbon atoms. The valency of the counter-
ion in ionic surfactants has a significant effect on the cmc. For example, increasing
the valency of the counterion from 1 to 2 causes a reduction of the cmc by roughly a
factor of 4.

The cmc is, to a first approximation, independent of temperature. This is illus-
trated in Fig. 8.3 which shows the variation of cmc of SDS with temperature. The cmc
varies in a non-monotonic way by ca. 10–20% over a wide temperature range. The
shallowminimum around 25 °C can be compared with a similar minimum in the solu-
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bility of hydrocarbon in water [19]. However, nonionic surfactants of the ethoxylate
type show a monotonic decrease [19] of cmc with increasing temperature as illus-
trated in Fig. 8.3 for C10E5. The effect of addition of cosolutes, e.g. electrolytes and
non-electrolytes, on the cmc can be very striking. For example, addition of 1 : 1 elec-
trolyte to a solution of anionic surfactant gives a dramatic lowering of the cmc, which
may amount to one order of magnitude. The effect is moderate for short chain surfac-
tants, but is much larger for long chain ones. At high electrolyte concentrations, the
reduction in cmc with an increase in the number of carbon atoms in the alkyl chain is
much stronger thanwithout added electrolyte. This rate of decrease at high electrolyte
concentrations is comparable to that of nonionics. The effect of added electrolyte also
depends on the valency of the added counterions. In contrast, for nonionics, addition
of electrolytes causes only small variation in the cmc.

Non-electrolytes suchas alcohols can also cause adecrease in the cmc [20]. The al-
cohols are less polar thanwater and are distributed between the bulk solution and the
micelles. Themore preference they have for themicelles, themore they stabilize them.
A longer alkyl chain leads to a less favourable location in water and more favourable
location in the micelles.

The presence of micelles can account for many of the unusual properties of solu-
tions of surface active agents. For example, it can account for thenear constant surface
tension value, above the cmc (see Fig. 8.1). It also accounts for the reduction in molar
conductance of the surface active agent solution above the cmc, which is consistent
with the reduction inmobility of themicelles as a result of counterion association. The
presence of micelles also accounts for the rapid increase in light scattering or turbid-
ity above the cmc. The presence of micelles was originally suggested by McBain [21]
who suggested that below the cmcmost of the surfactant molecules are unassociated,
whereas in the isotropic solutions immediately above the cmc, micelles and surfac-
tant ions (molecules) are though to co-exist, the concentration of the latter changing
very slightly as more surfactant is dissolved. However, the self-association of an am-
phiphile occurs in a stepwise manner with one monomer added to the aggregate at
a time. For a long chain amphiphile, the association is strongly cooperative up to a
certain micelle size where counteracting factors became increasingly important. Typ-
ically themicelles have a closely spherical shape in a rather wide concentration range
above the cmc. Originally, it was suggested by Adam [22] andHartley [23] thatmicelles
are spherical in shape and have the following properties:
(i) the association unit is spherical with a radius approximately equal to the length

of the hydrocarbon chain;
(ii) the micelle contains about 50–100 monomeric units; aggregation number gener-

ally increases with increasing alkyl chain length;
(iii) with ionic surfactants, most counterions are bound to the micelle surface, thus

significantly reducing the mobility from the value to be expected from a micelle
with non-counterion bonding;
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(iv) micellization occurs over a narrow concentration range as a result of the high as-
sociation number of surfactant micelles;

(v) the interior of the surfactant micelle has essentially the properties of a liquid hy-
drocarbon.

This is confirmedby the highmobility of the alkyl chains and the ability of themicelles
to solubilizemanywater insoluble organicmolecules, e.g. dyes and agrochemicals. To
a first approximation,micelles can, over awide concentration range above the cmc, be
viewed as microscopic liquid hydrocarbon droplets covered with polar head groups,
which interact strongly with water molecules. It appears that the radius of the micelle
core constituted of the alkyl chains is close to the extended length of the alkyl chain,
i.e. in the range 1.5030nm. As we will see later, the driving force for micelle forma-
tion is the elimination of the contact between the alkyl chains and water. The larger
a spherical micelle, then the more efficient this is, since the volume-to-area ratio in-
creases. It should be noted that the surfactant molecules in the micelles are not all
extended. Only one molecule needs to be extended to satisfy the criterion that the ra-
dius of the micelle core is close to the extended length of the alkyl chain. Themajority
of surfactant molecules are in a disordered state. In other words, the interior of the
micelle is close to that of the corresponding alkane in a neat liquid oil. This explains
the large solubilization capacity of the micelle towards a broad range of nonpolar
and weakly polar substances. At the surface of the micelle, associated counterions (in
the region of 50–80% of the surfactant ions) are present. However, simple inorganic
counterions are very loosely associated with the micelle. The counterions are very
mobile (see below) and there is no specific complex formedwith a definite counterion-
head group distance. In other words, the counterions are associated by long-range
electrostatic interactions.

A useful concept for characterizing micelle geometry is the critical packing pa-
rameter, CPP. The aggregationnumberN is the ratio between themicellar core volume,
Vmic, and the volume of one chain, v,

N = Vmic
v

= (4/3)πR3mic
v

, (8.1)

where Rmic is the radius of the micelle.
The aggregation number, N, is also equal to the ratio of the area of amicelle, Amic,

to the cross-sectional area, a, of one surfactant molecule,

N = Amic
a

= 4πR2mic
a

. (8.2)

Combining equations (8.1) and (8.2),
v

Rmica
= 1
3
. (8.3)

Since Rmic cannot exceed the extended length of a surfactant alkyl chain, lmax,

lmax = 1.5 + 1.265nc (8.4)
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This means that for a spherical micelle,

v
lmaxa

≤ 1
3
. (8.5)

The ratio v/(lmaxa) is denoted as the critical packing parameter (CPP).
Although, the spherical micelle model accounts for many of the physical proper-

ties of solutions of surfactants, a number of phenomena remain unexplained, without
considering other shapes. For example, McBain [24] suggested the presence of two
types of micelles, spherical and lamellar, in order to account for the drop in molar
conductance of surfactant solutions. The lamellarmicelles are neutral and hence they
account for the reduction in the conductance. Later, Harkins et al. [25] used McBain’s
model of lamellar micelles to interpret his X-ray results in soap solutions. Moreover,
many modern techniques such as light scattering and neutron scattering indicate
that in many systems the micelles are not spherical. For example, Debye and Anacker
[26] proposed a cylindrical micelle to explain the light scattering results on hexade-
cyltrimethyl ammonium bromide in water. Evidence for disc-shapedmicelles has also
been obtained under certain conditions. A schematic representation of the spherical,
lamellar and rod-shaped micelles, suggested by McBain, Hartley and Debye, is given
in Fig. 8.4. Many ionic surfactants show dramatic temperature-dependent solubility
as illustrated in Fig. 8.5. The solubility first increases gradually with rising tempera-
ture, and then, above a certain temperature, there is a sudden increase of solubility
with a further increase of temperature. The cmc increases gradually with increasing
temperature. At a particular temperature, the solubility becomes equal to the cmc,
i.e. the solubility curve intersects the cmc, and this temperature is referred to as the
Krafft temperature. At this temperature an equilibrium exists between solid hydrated
surfactant, micelles and monomers (i.e. the Krafft temperature is a “triple point”).
Surfactants with ionic head groups and long straight alkyl chains have high Krafft
temperatures. The Krafft temperature increases with increasing alkyl chain of the

Sphere

Rod-like

Lamellar micelle

Fig. 8.4: Shape of micelles.
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Fig. 8.5: Variation of solubility and critical
micelle concentration (cmc) with temperature.

surfactant molecule. It can be reduced by introducing branching in the alkyl chain.
The Krafft temperature is also reduced by using alkyl chains with a wide distribution
of chain lengths. Addition of electrolytes causes an increase in the Krafft temperature.

With nonionic surfactants of the ethoxylate type, an increase in temperature for a
solutionat a given concentration causesdehydrationof thePEOchains andat a critical
temperature the solution become cloudy. This is illustrated in Fig. 8.6which shows the
phase diagram of C12E6. Below the cloud point (CP) curve one can identify different
liquid crystalline phases Hexagonal–Cubic–Lamellar which are schematically shown
in Fig. 8.7.
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Fig. 8.6: Phase diagram of C12E6.
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Fig. 8.7: Schematic picture of liquid crystalline phases.
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8.4 Thermodynamics of micellization

The process of micellization is one of the most important characteristics of surfactant
solution and hence it is essential to understand its mechanism (the driving force for
micelle formation). This requires analysis of the dynamics of the process (i.e. the ki-
netic aspects) as well as the equilibrium aspects whereby the laws of thermodynamics
may be applied to obtain the free energy, enthalpy and entropy of micellization.

8.4.1 Kinetic aspects

Micellization is a dynamic phenomenon in which n monomeric surfactant molecules
associate to form a micelle Sn, i.e.,

nS ⇔ Sn . (8.6)

Hartley [23] envisaged a dynamic equilibriumwhereby surface active agentmolecules
are constantly leaving the micelles whilst other molecules from solution enter the
micelles. The same applies to the counterions with ionic surfactants, which can ex-
change between the micelle surface and bulk solution. Experimental investigations
using fast kinetic methods such as stop flow, temperature and pressure jumps, and
ultrasonic relaxation measurements have shown that there are two relaxation pro-
cesses for micellar equilibrium [27–33] characterized by relaxation times τ1 and τ2.
The first relaxation time, τ1, is of the order of 10−7 s (10−8 to 10−3 s) and represents the
lifetime of a surface active molecule in a micelle, i.e. it represents the association and
dissociation rate for a single molecule entering and leaving themicelle, whichmay be
represented by the equation,

S + Sn−1
K+󴀘󴀯
K−

Sn , (8.7)

where K+ and K− represent the association and dissociation rate respectively for a
single molecule entering or leaving the micelle.

The slower relaxation time τ2 corresponds to a relatively slow process, namely
the micellization dissolution process represented by equation (8.6). The value of τ2
is of the order of milliseconds (10−3–1 s) and hence can be conveniently measured by
stopped flow methods. The fast relaxation time τ1 can be measured using various
techniques depending on its range. For example, τ1 values in the range of 10−8–10−7 s
are accessible to ultrasonic absorptionmethods,whereas τ1 in the range of 10−5–10−3 s
can be measured by pressure jump methods. The value of τ1 depends on surfactant
concentration, chain length and temperature. τ1 increases with increasing chain
length of surfactants, i.e. the residence time increases with increasing chain length.

The above discussion emphasizes the dynamic nature of micelles and it is im-
portant to realize that these molecules are in continuous motion and that there is a
constant interchange betweenmicelles and solution. The dynamic nature also applies
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to the counterionswhich exchange rapidlywith lifetimes in the range 10−9–10−8 s. Fur-
thermore, the counterions appear to be laterally mobile and not to be associated with
(single) specific groups on the micelle surfaces.

8.5 Equilibrium aspects: thermodynamics of micellization

Various approaches have been employed in tackling the problem of micelle forma-
tion. The simplest approach treats micelles as a single phase, and this is referred to
as the phase separation model. In this model, micelle formation is considered as a
phase separation phenomenon and the cmc is then the saturation concentration of
the amphiphile in the monomeric state whereas the micelles constitute the separated
pseudophase. Above the cmc, a phase equilibrium exists with a constant activity of
the surfactant in the micellar phase. The Krafft point is viewed as the temperature at
which solid hydrated surfactant,micelles and a solution saturatedwith undissociated
surfactant molecules are in equilibrium at a given pressure.

Consider an anionic surfactant, in which n surfactant anions, S−, and n counter-
ions M+ associate to form a micelle, i.e.,

n S− + nM+ ⇔ Sn . (8.8)

The micelle is simply a charged aggregate of surfactant ions plus an equivalent num-
ber of counterions in the surrounding atmosphere and is treated as a separate phase.
The chemical potential of the surfactant in the micellar state is assumed to be con-
stant, at any given temperature, and this may be adopted as the standard chemical
potential, μ0m, by analogy to a pure liquid or a pure solid. Considering the equilibrium
between micelles and monomer, then,

μ0m = μ01 + RT ln a, (8.9)

where μ1 is the standard chemical potential of the surfactant monomer and a1 is its
activity which is equal to f1 x1, where f1 is the activity coefficient and x1 themole frac-
tion. Therefore, the standard free energy of micellization per mol of monomer, ∆G0

m,
is given by,

∆G0
m = μ0m − μ01 = RT ln a1 ≈ RT ln x1, (8.10)

where f1 is taken as unity (a reasonable value in very dilute solution). The cmc may
be identified with x1 so that

∆G0
m = RT ln[cmc]. (8.11)

In equation (8.10), the cmc is expressed as amole fraction, which is equal to C/(55.5 +
C), where C is the concentration of surfactant in mol dm−3, i.e.,

∆G0
m = RT ln C − RT ln(55.5 + C). (8.12)
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It should be stated that ∆G0 should be calculated using the cmc expressed as a mole
fraction as indicated by equation (8.12). However, most cmc quoted in the literature
are given in mol dm−3 and, in many cases of ∆G0 values have been quoted, when the
cmc was simply expressed in mol dm−3. Strictly speaking, this is incorrect, since ∆G0

should be based on x1 rather than on C. The value of ∆G0, when the cmc is expressed
in mol dm−3 is substantially different from the ∆G0 value when the cmc is expressed
in mole fraction. For example, dodecyl hexaoxyethylene glycol, the quoted cmc value
is 8.7 × 10−5 mol dm−3 at 25 °C. Therefore,

∆G0 = RT ln
8.7 × 10−5

55.5 + 8.7 × 10−5
= −33.1 kJmol−1, (8.13)

when the mole fraction scale is used. On the other hand,

∆G0 = RT ln 8.7 × 10−5 = −23.2 kJmol−1, (8.14)

when the molarity scale is used.
The phase separation model has been questioned for two main reasons. Firstly,

according to this model a clear discontinuity in the physical property of a surfactant
solution, such as surface tension, turbidity, etc. should be observed at the cmc. This
is not always found experimentally and the cmc is not a sharp break point. Secondly,
if two phases actually exist at the cmc, then equating the chemical potential of the
surfactant molecule in the two phases would imply that the activity of the surfactant
in the aqueous phase would be constant above the cmc. If this was the case, the sur-
face tension of a surfactant solution should remain constant above the cmc. However,
careful measurements have shown that the surface tension of a surfactant solution
decreases slowly above the cmc, particularly when using purified surfactants.

A convenient solution for relating ∆Gm to [cmc] was given for ionic surfactants by
the following expression,

∆G0
m = {2 − (p/n)}RT ln[cmc], (8.15)

where p is the number of free (unassociated) surfactant ions and n is the total num-
ber of surfactant molecules in the micelle. For many ionic surfactants, the degree of
dissociation (p/n) ≈ 0.2 so that,

∆G0
m = 1.8RT ln[cmc]. (8.16)

Comparisonwith equation (8.11) clearly shows that for similar ∆Gm, the [cmc] is about
two orders of magnitude higher for ionic surfactants when compared with nonionic
surfactant of the same alkyl chain length (see Tab. 8.1).

In the presence of excess added electrolyte, with mole fraction x, the free energy
of micellization is given by the expression,

∆G0
m = RT ln[cmc] + {1 − (p/n)} ln x. (8.17)

Equation (8.17) shows that as x increases, the [cmc] decreases.
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It is clear from equation (8.15) that as p→ 0, i.e. whenmost charges are associated
with counterions,

∆G0
m = 2RT ln[cmc], (8.18)

whereas when p ≈ n, i.e. the counterions are bound to micelles,

∆G0
m = RT ln[cmc], (8.19)

which is the same equation for nonionic surfactants.

8.6 Enthalpy and entropy of micellization

The enthalpy of micellization can be calculated from the variation of cmc with tem-
perature. This follows from,

− ∆H0 = RT2
d ln[cmc]

dT
. (8.20)

The entropy of micellization can then be calculated from the relationship between
∆G0 and ∆H0, i.e.,

∆G0 = ∆H0 − T∆S0. (8.21)

Therefore ∆H0 may be calculated from the surface tension–log C plots at various tem-
peratures. Unfortunately, the errors in locating the cmc (which in many cases is not
a sharp point) leads to a large error in the value of ∆H0. A more accurate and direct
method of obtaining ∆H0 is microcalorimetry. As an illustration, the thermodynamic
parameters, ∆G0, ∆H0 and T∆S0 for octylhexaoxyethylene glycol monoether (C8E6)
are given in Tab. 8.2.

Tab. 8.2: Thermodynamic quantities for micellization of octylhexaoxyethylene glycol monoether.

Temp. (°C) ∆G0 (kJmol−1) ∆H0 (kJmol−1) ∆H0 (kJmol l−1) T∆S0 (kJmol−1)

(from cmc) (from calorimetry)

25 −21.3 ± 2.1 8.0 ± 4.2 20.1 ± 0.8 41.8 ± 1.0
40 −23.4 ± 2.1 14.6 ± 0.8 38.0 ± 1.0

It canbe seen fromTab. 8.2 that ∆G0 is large andnegative.However, ∆H0 is positive, in-
dicating that the process is endothermic. In addition, T∆S0 is large and positive which
implies that in the micellization process there is a net increase in entropy. This posi-
tive enthalpy and entropy points to a different driving force for micellization from that
encountered in many aggregation processes.

The influence of alkyl chain length of the surfactant on the free energy, enthalpy
and entropy of micellization was demonstrated by Rosen [34] who listed these pa-
rameters as a function of alkyl chain length for sulphoxide surfactants. The results
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Tab. 8.3: Change of thermodynamic parameters of micellization of alkyl sulphoxide with increasing
chain length of the alkyl group.

Surfactant ∆G (kJmol−1) ∆H0 (kJmol−1) T∆S0 (kJmol−1)

C6H13S(CH3)O −12.0 10.6 22.6
C7H15S(CH3)O −15.9 9.2 25.1
C8H17S(CH3)O −18.8 7.8 26.4
C9H19S(CH3)O −22.0 7.1 29.1
C10H21S(CH3)O −25.5 5.4 30.9
C11H23S(CH3)O −28.7 3.0 31.7

are given in Tab. 8.3 and it can be seen that the standard free energy of micellization
becomes increasingly negative as the chain length increases. This is to be expected
since the cmc decreases with increasing alkyl chain length. However, ∆H0 becomes
less positive and T∆S becomes more positive with increasing chain length of the sur-
factant. Thus, the large negative free energy of micellization is made up of a small
positive enthalpy (which decreases slightly with increasing chain length of the sur-
factant) and a large positive entropy term T∆S0, which becomes more positive as the
chain is lengthened. As we will see in the next section, these results can be accounted
for in terms of the hydrophobic effect which will be described in some detail.

8.7 Driving force for micelle formation

Until recently, the formation of micelles was regarded primarily as an interfacial en-
ergy process, analogous to the process of coalescence of oil droplets in an aqueous
medium. If this was the case,micelle formationwould be a highly exothermic process,
as the interfacial free energy has a large enthalpy component. As mentioned above,
experimental results have clearly shown that micelle formation involves only a small
enthalpy change and is often endothermic. The negative free energy ofmicellization is
the result of a large positive entropy. This led to the conclusion that micelle formation
must be predominantly entropy driven process. Two main sources of entropy have
been suggested. The first is related to the so-called “hydrophobic effect”. This effect
was first established from a consideration of the free energy enthalpy and entropy of
transfer of hydrocarbon fromwater to a liquid hydrocarbon. Some results are listed in
Tab. 8.4. This table also lists the heat capacity change ∆Cp on transfer from water to a
hydrocarbon, as well as C0,gasp , i.e. the heat capacity in the gas phase. It can be seen
from Tab. 8.4 that the principal contribution to the value of ∆G0 is the large positive
value of ∆S0,which increaseswith increasinghydrocarbon chain length,whereas ∆H0

is positive, or small and negative.
To account for this large positive entropy of transfer several authors [35–37] sug-

gest that the water molecules around a hydrocarbon chain are ordered, forming “clus-
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Tab. 8.4: Thermodynamic parameters for transfer of hydrocarbons from water to liquid hydrocarbon
at 25 °C.

Hydrocarbon ∆G0 ∆H0 ∆S0 ∆C0p C0,gasp
(kJmol−1) (kJmol−1) (kJmol−1 K−1) (kJmol−1 K−1) (kJmol−1 K−1)

C2H6 −16.4 10.5 88.2 — —
C3H8 −20.4 7.1 92.4 — —
C4H10 −24.8 3.4 96.6 −273 −143
C5H12 −28.8 2.1 105.0 −403 −172
C6H14 −32.5 0 109.2 −441 −197
C6H6 −19.3 −2.1 58.8 −227 −134
C6H5CH3 −22.7 −1.7 71.4 −265 −155
C6H5C2H5 −26.0 −2.0 79.8 −319 −185
C6H5C3H8 −29.0 −2.3 88.2 −395 —

ters” or “icebergs”. On transfer of an alkane fromwater to a liquid hydrocarbon, these
clusters are broken, thus releasing water molecules which now have a higher entropy.
This accounts for the large entropy of transfer of an alkane from water to a hydrocar-
bon medium. This effect is also reflected in the much higher heat capacity change on
transfer, ∆C0p,when comparedwith theheat capacity in the gas phase, C0p. This effect is
also operative on transfer of surfactantmonomer to amicelle, during themicellization
process. The surfactant monomers will also contain “structured” water around their
hydrocarbon chain. On transfer of suchmonomers to amicelle, these watermolecules
are released and they have a higher entropy.

The second source of entropy increase on micellization may arise from the in-
crease in flexibility of the hydrocarbon chains on their transfer from an aqueous to
a hydrocarbon medium [35]. The orientations and bendings of an organic chain are
likely to be more restricted in an aqueous phase compared to an organic phase. It
should be mentioned that with ionic and zwitterionic surfactants, an additional en-
tropy contribution, associated with the ionic head groups, must be considered. Upon
partial neutralization of the ionic charge by the counterionswhen aggregation occurs,
water molecules are released. This will be associated with an entropy increase which
should be added to the entropy increase resulting from the hydrophobic effect men-
tioned above. However, the relative contribution of the two effects is difficult to assess
in a quantitative manner.

8.8 Micellization in surfactant mixtures (mixed micelles)

In most industrial applications, more than one surfactant molecule is used in the for-
mulation. It is, therefore, necessary to predict the type of possible interactions and
whether this leads to some synergistic effects. Two general cases may be considered:
surfactant molecules with no net interaction (with similar head groups) and systems
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with net interaction [16]. The first case is that when mixing two surfactants with the
same head group but with different chain lengths. In analogy with the hydrophilic-
lipophilic balance (HLB) for surfactant mixtures, one can also assume the cmc of a
surfactant mixture (with no net interaction) to be an average of the two cmcs of the
single components [16],

cmc = x1cmc1 + x2cmc2, (8.22)

where x1 and x2 are the mole fractions of the respective surfactants in the system.
However, themole fractions should not be those in the whole system, but those inside
the micelle. This means that equation (8.22) should be modified,

cmc = xm1 cmc1 + xm2 cmc2. (8.23)

The superscript ‘m’ indicates that the values are inside themicelle. If x1 and x2 are the
solution composition, then,

1
cmc

= x1
cmc1

+ x2
cmc2

. (8.24)

The molar composition of the mixed micelle is given by,

xm1 = x1cmc2
x1cmc2 + x2cmc1

. (8.25)

Fig. 8.8 shows the calculated cmc and the micelle composition as a function of solu-
tion composition using equations (8.24) and (8.25) for three cases where cmc2/cmc1 =
1, 0.1 and 0.01. As can be seen, the cmc and micellar composition change dramati-
cally with solution composition when the cmcs of the two surfactants vary consider-
ably, i.e. when the ratio of cmcs is far from 1. This fact is used when preparing mi-
croemulsions where the addition of medium chain alcohol (like pentanol or hexanol)
changes the properties considerably. If component 2 is much more surface active, i.e.
cmc2/cmc1 ≪ 1, and it is present in low concentrations (x2 is of the order of 0.01),
then from equation (8.25), xm1 ≈ xm2 ≈ 0.5, i.e. at the cmc of the systems the micelles
are up to 50% composed of component 2. This illustrates the role of contaminants in
surface activity, e.g. dodecyl alcohol in sodium dodecyl sulphate (SDS).

Fig. 8.9 shows the cmc as a function of molar composition of the solution and
in the micelles for a mixture of SDS and nonylphenol with 10mol ethylene oxide
(NP–E10). If the molar composition of the micelles is used as the x-axis, the cmc is
more or less the arithmetic mean of the cmcs of the two surfactants. If, on the other
hand, the molar composition in the solution is used as the x-axis (which at the cmc is
equal to the total molar concentration), then the cmc of the mixture shows a dramatic
decrease at low fractions of NP–E10. This decrease is due to the preferential absorption
of NP–E10 in the micelle. This higher absorption is due to the higher hydrophobicity
of the NP–E10 surfactant when compared with SDS.

With many industrial formulations, surfactants of different kinds are mixed to-
gether, for example anionics and nonionics. The nonionic surfactantmolecules shield
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Fig. 8.8: Calculated cmc (a) and micellar composition (b) as a function of solution composition
for three ratios of cmcs.
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Fig. 8.9: cmc as a function of surfactant composition, x1, or micellar surfactant composition, xm
1

for the system SDS + NP–E10.

the repulsion between the negative head groups in the micelle and hence there will
be a net interaction between the two types of molecules. Another example is the case
when anionic and cationic surfactants aremixed,whereby very strong interactionwill
take place between the oppositely charged surfactant molecules. To account for this
interaction, equation (8.25) has to be modified by introducing activity coefficients of
the surfactants, fm1 and fm2 in the micelle,

cmc = xm1 f
m
1 cmc1 + xm2 f

m
2 cmc2. (8.26)
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An expression for the activity coefficients can be obtained using the regular solutions
theory [16],

ln fm1 = (xm2 )2β, (8.27)

ln fm2 = (xm2 )2β, (8.28)

where β is an interaction parameter between the surfactant molecules in the micelle.
Apositive β valuemeans that there is anet repulsionbetween the surfactantmolecules
in the micelle, whereas a negative β value means a net attraction.

The cmc of the surfactant mixture and the composition x1 are given by the follow-
ing equations,

1
cmc

= x1
fm1 cmc1

+ x2
fm2 cmc2

(8.29)

xm1 = x1fm2 cmc2
x1fm2 cmc2 + x2fm2 cmc1

. (8.30)

Fig. 8.10 shows the effect of increasing the β parameter on the cmc and micellar com-
position for two surfactants with a cmc ratio of 0.1.
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Fig. 8.10: cmc (a) and micellar composition (b) for various values of β for a system with a cmc ratio
cmc2/cmc1 = 0.1.

Fig. 8.10 shows that as β becomes more negative, the cmc of the mixture decreases.
β values in the region of −2 are typical for anionic/nonionic mixtures, whereas values
in the region of −10 to −20 are typical of anionic/cationicmixtures.With increasing the
negative value of β, the mixed micelles tend towards a mixing ratio of 50 : 50, which
reflects themutual electrostatic attraction between the surfactantmolecules. The pre-
dicted cmc and micellar composition depends both on the ratio of the cmcs as well
as the value of β. When the cmcs of the single surfactants are similar, the predicted
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value of the cmc is very sensitive to small variation in β. On the other hand, when
the ratio of the cmcs is large, the predicted value of the mixed cmc and the micellar
composition are insensitive to variation of the β parameter. For mixtures of nonionic
and ionic surfactants, the β decreases with increasing electrolyte concentration. This
is due to the screening of the electrostatic repulsion on the addition of electrolyte.
With some surfactant mixtures, the β decreases with increasing temperature, i.e. the
net attraction decreases with increasing temperature.

8.9 Surfactant self-assembly

Surfactant micelles and bilayers are the building blocks of most self-assembly struc-
tures. One can divide the phase structures into two main groups [16]:
(i) those that are built of limited or discrete self-assemblies, whichmay be character-

ized roughly as spherical, prolate or cylindrical;
(ii) infinite or unlimited self-assemblies whereby the aggregates are connected over

macroscopic distances in one, two or three dimensions.

The hexagonal phase (see below) is an example of one-dimensional continuity, the
lamellar phase of two-dimensional continuity, whereas the bicontinuous cubic phase
and the sponge phase (see later) are examples of three-dimensional continuity. These
two types are schematically illustrated in Fig. 8.11.

Discrete

Connected
1D 2D 3D

Fig. 8.11: Schematic representation of self-assembly structures.

8.10 Structure of liquid crystalline phases

The abovementioned unlimited self-assembly structures in 1D, 2D or 3D are referred to
as liquid crystalline structures. These behave as fluids and are usually highly viscous.
At the same time, X-ray studies of these phases yield a small number of relatively sharp
lines which resemble those produced by crystals [16]. Since they are fluids then they
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are less ordered than crystals, but because of the X-ray lines and their high viscosity
it is also apparent that they are more ordered than ordinary liquids. Thus, the term
liquid crystalline phase is very appropriate for describing these self-assembled struc-
tures. Below a brief description of the various liquid crystalline structures that can
be produced with surfactants is given and Tab. 8.5 shows the most commonly used
notation to describe these systems.

Tab. 8.5: Notation of the most common liquid crystalline structures.

Phase structure Abbreviation Notation

Micellar mic L1, S
Reversed micellar rev mic L2, S
Hexagonal hex H1, E, M1, middle
Reversed hexagonal rev hex H2, F, M2
Cubic (normal micellar) cubm I1, S1c
Cubic (reversed micelle) cubm I2
Cubic (normal bicontinuous) cubb I1, V1
Cubic (reversed bicontinuous) cubb I2, V2
Lamellar lam Lα, D, G, neat
Gel gel Lβ
Sponge phase (reversed) spo L3 (normal), L4

8.10.1 Hexagonal phase

This phase is built up of (infinitely) long cylindrical micelles arranged in a hexagonal
pattern, with each micelle being surrounded by six other micelles, as schematically
shown in Fig. 8.7. The radius of the circular cross section (which may be somewhat
deformed) is again close to the surfactant molecule length [1].

8.10.2 Micellar cubic phase

This phase is built up of regular packing of small micelles, which have similar prop-
erties to small micelles in the solution phase. However, the micelles are short prolates
(axial ratio 1 : 2) rather than spheres since this allows abetter packing. Themicellar cu-
bic phase is highly viscous. A schematic representation of the micellar cubic phase [1]
is shown in Fig. 8.7.

8.10.3 Lamellar phase

This phase is built of layers of surfactant molecules alternating with water layers. The
thickness of the bilayers is somewhat lower than twice the surfactantmolecule length.
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The thickness of the water layer can vary over wide ranges, depending on the nature
of the surfactant. The surfactant bilayer can range from being stiff and planar to being
very flexible and undulating. A schematic representation of the lamellar phase [16] is
shown in Fig. 8.7.

8.10.4 Bicontinuous cubic phases

These phases can have a number of different structures, where the surfactant mole-
cules form aggregates that penetrate space, forming a porous connected structure in
three dimensions. They can be considered as structures formed by connecting rod-like
micelles (branched micelles), or bilayer structures [16] as illustrated in Fig. 8.12.

Fig. 8.12: Bicontinuous structure with the surfactant molecules
aggregated into connected films characterized by two curva-
tures of opposite sign [9].

8.10.5 Reversed structures

Except for the lamellar phase, which is symmetrical around the middle of the bilayer,
the different structures have a reversed counterpart in which the polar and nonpolar
parts have changed roles. For example, a hexagonal phase is built up of hexagonally
packed water cylinders surrounded by the polar head groups of the surfactant mol-
ecules and a continuum of the hydrophobic parts. Similarly, reversed (micellar-type)
cubic phases and reversedmicelles consist of globular water cores surrounded by sur-
factant molecules. The radii of the water cores are typically in the range 2–10 nm.

8.11 Experimental studies of the phase behaviour of surfactants

One of the earliest (and qualitative) techniques for identifying the different phases is
the use of polarizing microscopy. This is based on the scattering of normal and polar-
ized light which differs for isotropic (such as the cubic phase) and anisotropic (such as
the hexagonal and lamellar phases) structures. Isotropic phases are clear and trans-
parent, while anisotropic liquid crystalline phases scatter light and appear more or
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less cloudy. Using polarized light and viewing the samples through cross polarizers
give a black picture for isotropic phases, whereas anisotropic ones give bright im-
ages. The patterns in a polarization microscope are distinctly different for different
anisotropic phases and can therefore be used to identify the phases, e.g. to distin-
guish between hexagonal and lamellar phases [38]. A typical optical micrograph for
the hexagonal and lamellar phases (obtained using polarizing microscopy) is shown
inFig. 8.13. Thehexagonal phase shows a “fan-like” appearance,whereas the lamellar
phase shows “oily streaks” and “Maltese crosses”.

(a) (b)

Fig. 8.13: Texture of the hexagonal (a) and lamellar phase (b) obtained using polarizing microscopy.

Another qualitativemethod is tomeasure the viscosity as a function of surfactant con-
centration. The cubic phase is very viscous and often quite stiff and it appears as a
clear “gel”. The hexagonal phase is less viscous than the cubic phase and the lamellar
phase is much less viscous than the cubic phase. However, viscosity measurements
do not allow an unambiguous determination of the phases in the sample.

Most qualitative techniques for identification of the various liquid crystalline
phases are based on diffraction studies, either light, X-ray or neutron. The liquid
crystalline structures have a repetitive arrangement of aggregates and observation
of a diffraction pattern can give evidence of long-range order and it can distinguish
between alternative structures.

Another very useful technique to identify the different phases is NMR spec-
troscopy. One observes the quadrupole splittings in deuterium NMR [39]. This is
illustrated in Fig. 8.14. For isotropic phases such asmicelles, cubic and sponge phases
one observes a narrow singlet (Fig. 8.14 (a)). For a single isotropic phase such ashexag-
onal or lamellar structures, a doublet is obtained (Fig. 8.14 (b)).

The magnitude of the “splitting” depends on the type of liquid crystalline phase,
which is twice as much for the lamellar phase when compared with the hexagonal
phase. For one isotropic and one anisotropic phase, one obtains one singlet and one
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(a)
0.1 kHz 1 kHz

1 kHz 1 kHz

1 kHz

(d)

(b) (e)

(c) Fig. 8.14: 2H NMR spectra of surfactants in heavy water (D2O).

doublet (Fig. 8.14 (c)). For two anisotropic phases (lamellar and hexagonal) one ob-
serves two doublets (Fig. 8.14 (d)). In a three-phase regionwith two anisotropic phases
and one isotropic phase, one observes two doublets and one singlet (Fig. 8.14 (e)).
The distinction between normal and reversed phases can be easily carried out using
conductivity measurements. For normal phases which are “water rich”, the conduc-
tivity is high. In contrast, for reversed phases that are “water poor”, the conductivity
is much lower (by several orders of magnitude).
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9 Adsorption of surfactants
at the liquid/liquid interface

9.1 Introduction

When two immiscible phases α and β come into contact, an interfacial region devel-
ops. The interfacial region is not a layer that is one molecule thick; it is a region with
thickness δ with properties different from the two bulk phases α and β. In bringing
phases α and β into contact, the interfacial regions of these phases undergo some
changes, resulting in a concomitant change in the internal energy. If we were to move
a probe from the interior of α to that of β, one would at some distance from the in-
terface start to observe deviations in composition, in density, in structure; the closer
to phase β the larger the deviations until eventually the probe arrives in the homo-
geneous phase β. The thickness of the transition layer will depend on the nature of
the interfaces and on other factors. Gibbs [1] considered the two phases α and β to
have uniform thermodynamic properties up to the interfacial region. He assumed a
mathematical plane Zσ in the interfacial region in order to define the surface or in-
terfacial tension γ. A schematic representation of the interfacial region and the Gibbs
mathematical plane is given in Fig. 9.1.

Mathematical Dividing
Plane Zσ
(Gibbs Dividing Line)

Uniform
Thermodynamic
Properties

Uniform
Thermodynamic
Properties

α

β

Fig. 9.1: The Gibbs dividing line.

Using the Gibbs model, it is possible to obtain a definition of the surface or interfacial
tension γ. The surface free energy dGσ is made of three components: an entropy term,
Sσ dT; an interfacial energy term, A dγ; a composition term∑ ni dμi (ni is the number
of moles of component i with chemical potential μi).

The Gibbs–Deuhem equation is,

dGσ = −SσdT + A dγ +∑ ni dμi . (9.1)

https://doi.org/10.1515/9783110540895-010
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At constant temperature and composition,

dGσ = A dγ,

γ = (∂Gσ

∂A
)
T,ni

.
(9.2)

For a stable interface γ is positive, i.e. if the interfacial area increases Gσ increases.
Note that γ is energy per unit area (mJm−2) which is dimensionally equivalent to force
per unit length (mNm−1), the unit usually used to define surface or interfacial tension.
It is obvious from equation (9.2) that for a stable interface γ should be positive. In other
words, the free energy should increase if the area of the interface increases, otherwise
the interface will become convoluted, increasing the interfacial area, until the two
“immiscible” phases dissolve in each other (for the L/L case).

It is clear from equation (9.2) that surface or interfacial tension, i.e. the force per
unit length tangentially to the surface measured in units of mNm−1, is dimensionally
equivalent to an energy per unit area measured in mJm−2. For this reason, it has been
stated that the excess surface free energy is identical to the surface tension, but this is
true only for a single component system, i.e. a pure liquid (where the total adsorption
is zero).

For a curved interface, one should consider the effect of the radius of curvature.
Fortunately, γ for a curved interface is estimated to be very close to that of a planer
surface, unless the droplets are very small (< 10 nm).

Curved interfaces produce some other important physical phenomena which af-
fect emulsion properties, e.g. the Laplace pressure ∆pwhich is determined by the radii
of curvature of the droplets,

∆p = γ( 1
r1

+ 1
r2

), (9.3)

where r1 and r2 are the two principal radii of curvature.
For a perfectly spherical droplet r1 = r2 = r and,

∆p = 2γ
r
. (9.4)

For a hydrocarbon droplet with radius 100nm, and γ = 50mNm−1, ∆p ≈ 106 Pa
(≈ 10 atm.)

9.2 Surfactant adsorption

Knowledge of the amount of surfactant adsorbed Γ (moles per unit area), sometimes
referred to as surface excess, is crucial in understanding the role of surfactants in
emulsion formation and stability. From Γ one can calculate the area per surfactant
molecule or ion and this provides information on the orientation of surfactant mole-
cules at the liquid/liquid (L/L) interface. Thismolecular orientation is crucial inunder-
standing emulsion stability. Aswewill see below, Γ can be obtained from the variation
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of interfacial tension with surfactant concentration and application of the second law
of thermodynamics.

There are generally two approaches for treating surfactant adsorption at the L/L
interface. The first approach, adopted by Gibbs, treats adsorption as an equilibrium
phenomenon whereby the second law of thermodynamics may be applied using sur-
face quantities. The second approach, referred to as the equation of state approach,
treats the surfactant film as a two-dimensional layer with a surface pressure π that
may be related the surface excess Γ (amount of surfactant adsorbed per unit area).
Below, these two approaches are summarized.

9.2.1 The Gibbs adsorption isotherm

Gibbs [2] derived a thermodynamic relationship between the surface or interfacial ten-
sion γ and the surface excess Γ (adsorption per unit area). The starting point of this
equation is the Gibbs–Deuhem equation given above (equation (9.1)). At equilibrium
(where the rate of adsorption is equal to the rate of desorption), dGσ = 0. At constant
temperature, but in the presence of adsorption,

dGσ = −Sσ dT + A dγ +∑ ni dμi ,

dγ = −∑ nσi
A

dμi = −∑ Γi dμi ,
(9.5)

where Γi = nσi /A is the number of moles of component i and adsorbed per unit area.
Equation (9.5) is the general form for the Gibbs adsorption isotherm. The simplest

case of this isotherm is a system of two components in which the solute (2) is the sur-
face active component, i.e. it is adsorbed at the surface of the solvent (1). For such a
case, equation (9.5) may be written as,

− dγ = Γσ1 dμ1 + Γσ2 dμ2, (9.6)

and if the Gibbs dividing surface is used, Γ1 = 0 and,

− dγ = Γσ1,2 dμ2, (9.7)

where Γσ2,1 is the relative adsorption of (2) with respect to (1). Since,

μ2 = μ02 + RT ln aL2, (9.8)

or,
dμ2 = RTd ln aL2, (9.9)

then, − dγ = Γσ2,1RTd ln a
L
2, (9.10)
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or
Γσ2,1 = − 1

RT
( dγ
d ln aL2

), (9.11)

where aL2 is the activity of the surfactant in bulk solution that is equal to C2f2 or x2f2,
where C2 is the concentration of the surfactant inmol dm−3 and x2 is its mole fraction.

Equation (9.11) allows one to obtain the surface excess (abbreviated as Γ2) from
the variation of surface or interfacial tension with surfactant concentration. Note that
a2 ≈ C2 since in dilute solutions f2 ≈ 1. This approximation is valid since most surfac-
tants have low cmc (usually less than 10−3 mol dm−3) and adsorption is complete at or
just below the cmc.

The surface excess Γ2 can be calculated from the linear portion of the γ–log C2
curves before the cmc. Such γ–log C curves are illustrated in Fig. 9.2 for the air/water
and O/W interfaces; [CSAA] denotes the concentration of surface active agent in bulk
solution. It can be seen that for the A/W interface, γ decreases from the value for
water (72mNm−1 at 20 °C) reaching about 25–30mNm−1 near the cmc. This is clearly
schematic since the actual values depend on the surfactant nature. For the O/W case,
γ decreases from a value of about 50mNm−1 (for a pure hydrocarbon-water interface)
to ≈ 1–5mNm−1 near the cmc (again depending on the nature of the surfactant).

As mentioned above, Γ2 can be calculated from the slope of the linear position
of the curves shown in Fig. 9.2 just before the cmc is reached. From Γ2, the area per
surfactant ion or molecule can be calculated since,

Area/molecule = 1
Γ2Nav

, (9.12)

where Nav is the Avogadro constant.

72

γ/
m

Nm
¯¹

γ/
m

Nm
¯¹

50

CMC

log Clog C

CMC

Fig. 9.2: Variation of surface and interfacial tension with log[CSAA] at the air/water and oil/water
interface.
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Determining the area per surfactant molecule is very useful since it gives infor-
mation on surfactant orientation at the interface. For example, for ionic surfactants
such as alkyl sulphates, the area per surfactant is determined by the area occupied
by the alkyl chain and head group if these molecules lie flat at the interface. In this
case the area per molecule increases with increasing alkyl chain length. For vertical
orientation, the area per surfactant ion is determined by that occupied by the charged
head group, which at low electrolyte concentration will be in the region of 0.40 nm2.
Such an area is larger than the geometrical area occupied by a sulphate group, as a
result of the lateral repulsion between the head groups. On addition of electrolytes,
this lateral repulsion is reduced and the area/surfactant ion for vertical orientation
will be lower than 0.4 nm2 (reaching in some cases 0.2 nm2).

Another important point can be made from the γ–log C curves. At concentration
just before the breakpoint, one has the condition of constant slope, which indicates
that saturation adsorption has been reached.

( ∂γ
∂ ln a2

)
p,T

= const. (9.13)

Just above the breakpoint,

( ∂γ
∂ ln a2

)
p,T

= 0, (9.14)

indicating the constancy of γ with log C above the cmc. Integration of equation (9.12)
gives,

γ = const x ln a2. (9.15)

Since γ is constant in this region, then a2 must remain constant. This means that ad-
dition of surfactantmolecules, above the cmc,must result in association to form units
(micellar) with low activity.

Asmentioned before, the hydrophilic head groupmay be unionized, e.g. alcohols
or poly(ethylene oxide) alkane or alkyl phenol compounds, weakly ionized such as
carboxylic acids or strongly ionized such as sulphates, sulphonates and quaternary
ammonium salts. The adsorption of these different surfactants at the air/water and
oil/water interface depends on the nature of the head group. With nonionic surfac-
tants, repulsion between the head groups is small and these surfactants are usually
strongly adsorbed at the surface of water from very dilute solutions. Nonionic surfac-
tants have much lower cmc values when compared with ionic surfactants with the
same alkyl chain length. Typically, the cmc is in the region of 10−5–10−4 mol dm−3.
Such nonionic surfactants form closely packed adsorbed layers at concentrations
lower than their cmc values. The activity coefficient of such surfactants is close to
unity and is only slightly affected by addition of moderate amounts of electrolytes
(or change in the pH of the solution). Thus, nonionic surfactant adsorption is the
simplest case since the solutions can be represented by a two component system and
the adsorption can be accurately calculated using equation (9.9).
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With ionic surfactants, on the other hand, the adsorption process is relatively
more complicated since one has to consider the repulsion between the head groups
and the effect of presence of any indifferent electrolyte. Moreover, the Gibbs adsorp-
tion equation has to be solved taking into account the surfactant ions, the counterions
and any indifferent electrolyte ions present. For a strong surfactant electrolyte such as
an Na+R−

Γ2 = 1
2RT

∂γ
∂ ln a± . (9.16)

The factor of 2 in equation (9.16) arises because both surfactant ion and counterion
must be adsorbed to maintain neutrally, and dγ/d ln a± is twice as large as for an
unionized surfactant.

If a nonadsorbed electrolyte, such as NaCl, is present in large excess, then any
increase in concentration of Na+R− produces a negligible increase in Na+ ion concen-
tration and therefore dμNa becomes negligible. Moreover, dμCl is also negligible, so
that the Gibbs adsorption equation reduces to,

Γ2 = − 1
RT

( ∂γ
∂ ln CNaR

), (9.17)

i.e. it becomes identical to that for a nonionic surfactant.
The above discussion clearly illustrates that for calculation of Γ2 from the γ–logC

curve one has to consider the nature of the surfactant and the composition of the
medium. For nonionic surfactants, the Gibbs adsorption equation (9.9) can be directly
used. For ionic surfactants, in the absence of electrolytes, the right-hand side of equa-
tion (9.9) should be divided by 2 to account for surfactant dissociation. This factor
disappears in the presence of a high concentration of an indifferent electrolyte.

9.2.2 Equation of state approach

In this approach, one relates the surface pressure π with the surface excess Γ2. The
surface pressure is defined by the equation [3–5],

π = γ0 − γ, (9.18)

where γ0 is the surface or interfacial tension before adsorption and γ that after adsorp-
tion.

For an ideal surface film, behaving as a two-dimensional gas the surface pressure
π is related to the surface excess Γ2 by the equation,

πA = n2RT, (9.19)

or
π = (n2/A)RT = Γ2RT. (9.20)
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Differentiating equation (9.20) at constant temperature,

dπ = RT dΓ2. (9.21)

Using the Gibbs equation,

dπ = −dγ = Γ2RT d ln a2 ≈ Γ2RT d ln C2. (9.22)

Combining equations (9.21) and (9.22)

d ln Γ2 = d ln C2, (9.23)

or
Γ2 = KCα2. (9.24)

Equation (9.24) is referred to as the Henry law isotherm which predicts a linear rela-
tionship between Γ2 and C2.

It is clear that equations (9.17) and (9.21) are based on an idealizedmodel in which
the lateral interaction between the molecules has not been considered. Moreover, in
this model the molecules are considered to be dimensionless. This model can only be
applied at very low surface coverage where the surfactant molecules are so far apart
that lateral interaction may be neglected. Moreover, under these conditions the total
area occupied by the surfactant molecules is relatively small compared to the total
interfacial area.

At significant surface coverage, the above equations have to be modified to take
into account both lateral interaction between the molecules as well as the area oc-
cupied by them. Lateral interaction may reduce π if there is attraction between the
chains (e.g. with most nonionic surfactants) or it may increase π as a result of repul-
sion between the head groups in the case of ionic surfactants.

Various equations of state have been proposed, taking into account the above two
effects, in order to fit the π–A data. The two-dimensional van der Waals equation of
state is probably the most convenient for fitting these adsorption isotherms, i.e.,

(π + (n2)2α
A2

)(A − n2A0
2) = n2RT, (9.25)

where A0
2 is the excluded area or co-area of type 2 molecule in the interface and α is a

parameter which allows for lateral interaction.
Equation (9.25) leads to the following theoretical adsorption isotherm, using the

Gibbs equation,

Cα2 = K1( θ
1 − θ

) exp( θ
1 − θ

− 2αθ
a02RT

), (9.26)

where θ is the surface coverage (θ = Γ2/ Γ2,max), K1 is a constant that is related
to the free energy of adsorption of surfactant molecules at the interface (K1 ∝
exp(−∆Gads/kT)) and a02 is the area/molecule.
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For a charged surfactant layer, equation (9.23) has to be modified to take into ac-
count the electrical contribution from the ionic head groups, i.e.,

Cα2 = K1( θ
1 − θ

) exp( θ
1 − θ

) exp( eψ0
kT

) (9.27)

where Ψ0 is the surface potential. Equation (9.27) shows how the electrical poten-
tial energy (Ψ0/kT) of adsorbed surfactant ions affects the surface excess. Assuming
that the bulk concentration remains constant, then Ψ0 increases as θ increases. This
means that [θ/(1 − θ)] exp[θ/(1 − θ)] increases less rapidly with C2, i.e. adsorption is
inhibited as a result of ionization.

9.2.3 The Langmuir, Szyszkowski and Frumkin equations

In addition to the Gibbs equation, three other equations have been suggested that
relate the surface excess Γ1, surface or interfacial tension, and equilibrium concen-
tration in the liquid phase C1. The Langmuir equation [6] relates Γ1 to C1 by,

Γ1 = ΓmC1
C1 + a

, (9.28)

where Γm is the saturation adsorption atmonolayer coverage by surfactantmolecules,
a is a constant that is related to the free energy of adsorption ∆G0

ads,

a = 55.3 exp(∆G0
ads

RT
), (9.29)

where R is the gas constant and T is the absolute temperature.
A linear form of the Gibbs equation is,

1
Γ1

= 1
Γm

+ a
ΓmC1

. (9.30)

Equation (9.30) shows that a plot of 1/Γ1 versus 1/C1 gives a straight line from which
Γm and a can be calculated from the intercept and slope of the line.

The Szyszkowski [7] equation gives a relationship between the surface pressure π
and bulk surfactant concentration C1; it is a form of equation of state,

γ0 − γ = π = 2.303RTΓm log(C1
a

+ 1). (9.31)

The Frumkin equation [8] is another equation of state,

γ0 − γ = π = −2.303RTΓm log(1 − Γ1
Γm

). (9.32)
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9.3 Effectiveness of surfactant adsorption
at the liquid/liquid interface

The surface excess concentration at surface saturation, Γm is a useful measure of the
effectiveness of the surfactant at the liquid/liquid interface [9]. This is an important
factor in determining such properties of the surfactant in several processes such as
emulsification and emulsion stability. In most cases, a tightly packed, coherent film
obtained by vertically oriented surfactant molecules is required. The area occupied
by a surfactant molecule consisting of a linear alkyl chain and one hydrophilic group,
either ionic or nonionic, is larger than the cross-sectional area of an aliphatic chain
(which is 0.2 nm2) indicating that the area occupied by a surfactant molecule is de-
termined by the area occupied by the hydrated hydrophilic chain. For example for
a series of alkyl sulphates the area occupied by the surfactant molecule is in the re-
gion of 0.5 nm2 which is the cross-sectional area of a sulphate group. As mentioned
before, addition of electrolytes reduces the area occupied by the surfactant molecule
due to charge screening of the sulphate group. With nonionic surfactants based on
a polyethylene oxide (PEO) hydrophilic group, the amount of adsorption at satura-
tion Γm decreases with increasing PEO chain length and this results in an increase in
the area occupied by a single surfactant molecule.

9.4 Efficiency of adsorption of surfactant
at the liquid/liquid interface

Theefficiencyof surfactant adsorptionat the liquid/liquid interface canbedetermined
by measuring the surfactant concentration that produces a given amount of adsorp-
tion at the interface [9]. This can also be related to the free energy change involved
in the adsorption. A convenient measure of the efficiency of adsorption is the nega-
tive logarithm of surfactant concentration C in bulk solution required to produce a
20mNm−1 reduction in the interfacial tension γ,

− log C(−∆γ=20) ≡ pC20 (9.33)

Observation of various γ–logC results for various surfactants at the oil/water interface
shows that when γ is reduced by 20mNm−1, the surface excess concentration Γ1 is
close to its saturation value Γm. This is confirmed by the use of the Frumkin equation
(9.32). For many surfactant systems, Γm is in the range 1–4.4 × 10−6 molm−2. Solv-
ing for Γ1 in the Frumkin equation when π = γ0 − γ = 20mNm−1, Γm = 1–4.4 ×
10−6 molm−2, Γ1 = 0.84–0.99Γm at 25 °C, indicating that when γ is reduced by
20mNm−1, the surface concentration is 84–99% saturated.

pC20canbe related to the free energy change onadsorption at infinite dilution ∆G0

by application of the Langmuir [6] and Szyszkowski [7] equations (9.28) and (9.31). As
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mentioned above for π = 20mNm−1, Γ1 = 0.84–0.99Γm. From the Langmuir equation
C1 = 5.2–999 × a. Thus,

log[(C1
a

) + 1] ≈ log(C1
a

). (9.34)

The Szyszkowski equation becomes,

π = γ0 − γ = −2.303RTΓm log(C1
a

), (9.35)

and,
log( 1

C1
)
π=20

= −(log a + γ0 − γ
2.303RTΓm

). (9.36)

Since,

a = 55 exp(∆G0

RT
), (9.37)

log a = 1.74 + ∆G0

2.303RT
, (9.38)

log( 1
C1

)
π=20

≡ pC20 ≡ −( ∆G0

2.303RT
+ 1.74 + 20

2.303RTΓm
). (9.39)

For a straight chain surfactantmolecule consisting ofm –CH2– groups and one hydro-
philic head group (h), ∆G0 can be broken into the standard free energy associated
with the transfer of the terminal CH3, the –CH2– groups of the hydrocarbon chain
and the hydrophilic group h from the interior of the liquid phase to the interface at
π = 20mNm−1,

∆G0 = m ⋅ ∆G0(–CH2–) + ∆G0(h) + const. (9.40)

For a homologous series of surfactants with the same hydrophilic group h, the value
of Γm and the area per surfactant molecule does not change much with an increase in
the number of C atoms and ∆G0(h) can be considered constant. In this case, pC20 can
be related to the free energy change per –CH2– group by,

pC20 = [−∆G0(–CH2–)
2.303RT

]m + const. (9.41)

Equation (9.41) shows that pC20 is a linear function of the number of C atoms in the
surfactant chain m. The larger the value of pC20 the more efficiently the surfactant is
adsorbed at the interface and the more efficiently it reduces the interfacial tension.

The efficiency of surfactant adsorption at the liquid/liquid interface as measured
by pC20 increaseswith an increase in the number of C atoms in the surfactant. Straight
alkyl chains are generally more efficient than branched ones with the same C number.
A single hydrophilic group at the end of the hydrophobic chain gives more efficient
adsorption than one where the hydrophilic group is located at the centre of the chain.
Nonionic and zwitterionic surfactants generally give more efficient adsorption com-
pared to ionic ones. With ionic surfactants, increasing the ionic strength of the aque-
ous solution increases the efficiency of surfactant adsorption.
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9.5 Adsorption from mixtures of two surfactants

Mixtures of two or more different types of surfactants often show a “synergistic” in-
teraction [10, 11]. In other words, the interfacial properties of the mixture are more
pronounced than those of the individual components themselves. These mixtures are
widely used in many industrial applications such as in emulsification and emulsion
stability. A study of the adsorption of the individual components in the mixture and
the interaction between them allows one to understand the role played by each com-
ponent. This will also enable one to make the right selection of surfactant mixtures
for a specific application.

The Gibbs adsorption equation (9.8) for two surfactants in dilute solution can be
written as,

dγ = RT(Γ1 d ln a1 + Γ2RT d ln a2), (9.42)

where Γ1 and Γ2 are the surface excess concentrations of the two surfactants at the
interface and a1 and a2 are their respective activities in solution. Since the solutions
are dilute, a1 and a2 can be replaced by the molar concentrations C1 and C2.

Using equation (9.42),

Γ1 = 1
RT

(− ∂γ
∂ ln C1

)
C2

= 1
2.303RT

(− ∂γ
∂ log C1

)
C2
, (9.43)

Γ2 = 1
RT

(− ∂γ
∂ ln C2

)
C1

= 1
2.303RT

(− ∂γ
∂ log C2

)
C1
. (9.44)

Therefore, the concentration of each surfactant at the interface can be calculated from
the slope of the γ–log C plot of each surfactant, holding the solution concentration of
the second surfactant constant.

For ideal mixing of two surfactants (with no net interaction), C1 and C2 are given
by the expressions [12],

C1 = C01f1X1 (9.45)

C2 = C02f2X2 (9.46)

where f1 and f2 are the activity coefficients of surfactant 1 and 2 respectively, X1 is the
mole fraction of surfactant 1 at the interface, i.e. X1 = 1 − X2, C01 is the molar concen-
tration required to attain a given interfacial tension in a solution of pure surfactant 1,
and C02 is the molar concentration required to attain a given interfacial tension in a
solution of pure surfactant 2.

For non-ideal mixing, i.e. when there is interaction between the surfactant mole-
cules, the activity coefficient has to include the interaction parameter βσ,

ln f1 = βσ(1 − X1)2 (9.47)

ln f2 = βσ(X1)2 (9.48)
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Combining equations (9.45)–(9.48),

(X1)2 ln(C1/C01X1)(1 − X1)2 ln[ C2
C02(1−X1)

] = 1. (9.49)

The interfacial tension–total surfactant concentration (Ct) curves for two pure sur-
factants and their mixture at a fixed value α, the mole fraction of surfactant 1 in the
total surfactant in the solution phase, (Fig. 9.3) are used to determine C1(= αC12),
C01, C2[= (1 − α)C12] and C02, the molar concentration at the same surface tension.
Equation (9.49) permits it to be solved iteratively for X1 and X2(= 1 − X1). The ratio of
surfactant 1 : surfactant 2 at the interface at that particular value of α is then X1/X2.

C⁰1

1 12 2

C⁰2C12
Fig. 9.3: Evaluation of X1 and X2; (1) pure surfac-
tant 1; (2) pure surfactant 2; (12) mixture of 1 and 2
at a fixed value of α.

9.6 Interfacial tension measurements

These methods may be classified into two categories: those in which the properties of
themeniscus ismeasured at equilibrium, e.g. pendent drop or sessile drop profile and
Wilhelmy plate methods, and those where the measurement is made under nonequi-
librium or quasi-equilibrium conditions such as the drop volume (weight) or the de
Nouy ring method. The latter methods are faster, although they suffer from the dis-
advantage of premature rupture and expansion of the interface, causing adsorption
depletion. For measurement of low interfacial tensions (< 0.1mNm−1), the spinning
drop technique is applied. Below a brief description of each of these techniques is
given.

9.6.1 The Wilhelmy plate method

In this method [13] a thin plate made from glass (e.g. a microscope cover slide) or plat-
inum foil is either detached from the interface (nonequilibriumcondition) or itsweight
ismeasured statically using an accuratemicrobalance. In the detachmentmethod, the
total force F is given by the weight of the plateW and the interfacial tension force,

F = W + γp, (9.50)
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where p is the “contact length” of the plate with the liquid, i.e., the plate perimeter.
Provided the contact angle of the liquid is zero, no correction is required for equa-
tion (9.50). Thus, the Wilhelmy plate method can be applied in the same manner as
the du Nouy technique that is described below.

The static techniquemay be applied for following the interfacial tension as a func-
tion of time (to follow the kinetics of adsorption) until equilibrium is reached. In this
case, the plate is suspended from one arm of amicrobalance and allowed to penetrate
the upper liquid layer (usually the oil) into the aqueous phase to ensure wetting of
the plate. The whole vessel is then lowered to bring the plate into the oil phase. At this
point themicrobalance is adjusted to counteract theweight of the plate (i.e., its weight
now becomes zero). The vessel is then raised until the plate touches the interface. The
increase in weight ∆W is given by the following equation,

∆W = γp cos θ, (9.51)

where θ is the contact angle. If the plate is completely wetted by the lower liquid as
it penetrates, θ = 0 and γ may be calculated directly from ∆W. Care should always be
taken that the plate is completely wetted by the aqueous solution. For that purpose,
a roughened platinum or glass plate is used to ensure a zero contact angle. However,
if the oil is more dense than water, a hydrophobic plate is used so that when the plate
penetrates through the upper aqueous layer and touches the interface it is completely
wetted by the oil phase.

9.6.2 The pendent drop method

If a drop of oil is allowed to hang from the end of a capillary that is immersed in the
aqueous phase, it will adopt an equilibrium profile shown in Fig. 9.4 that is a unique
function of the tube radius, the interfacial tension, its density and the gravitational
field.

The interfacial tension is given by the following equation [14],

γ = ∆ρgd2e
H

, (9.52)

where ∆ρ is the density difference between the two phases, de is the equatorial diam-
eter of the drop (see Fig. 9.4) and H is a function of ds/de, where ds is the diameter
measured at a distance d from the bottom of the drop (see Fig. 9.4). The relationship
between H and the experimental values of ds/de has been obtained empirically using
pendent drops ofwater. Accurate values ofH have been obtained byNiederhauser and
Bartell [15].
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ds

dc
d

Fig. 9.4: Schematic representation of the profile
of a pendent drop.

9.6.3 The du Nouy ring method

Basically one measures the force required to detach a ring or loop of wire from the
liquid/liquid interface [16]. As a first approximation, the detachment force is taken to
be equal to the interfacial tension γ multiplied by the perimeter of the ring, i.e.,

F = W + 4πRγ, (9.53)

where W is the weight of the ring. Harkins and Jordan [17] introduced a correction
factor f (that is a function of meniscus volume V and radius r of the wire) for more
accurate calculation of γ from F, i.e.,

f = γ
γideal

= f(R3

V
,
R
r
). (9.54)

Values of the correction factor f were tabulated by Harkins and Jordan [17]. Some the-
oretical account of f was given by Freud and Freud [18].

When using the du Nuoy method for measurement of γ one must be sure that the
ring is kept horizontal during themeasurement.Moreover, the ring shouldbe free from
any contaminant and this is usually achieved by using a platinum ring that is flamed
before use.

9.6.4 The drop volume (weight) method

Here one determines the volume V (or weightW) of a drop of liquid (immersed in the
second, less dense liquid) which becomes detached from a vertically mounted capil-
lary tip having a circular cross section of radius r. The ideal dropweightWideal is given
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by the expression,
Wideal = 2πrγ. (9.55)

In practice, a weight W is obtained which is less than Wideal because a portion of the
drop remains attached to the tube tip. Thus, equation (9.55) should include a correc-
tion factor ϕ, that is a function of the tube radius r and some linear dimension of the
drop, i.e., V1/3. Thus,

W = 2πrγϕ( r
V1/3 ). (9.56)

Values of (r/V1/3) have been tabulated by Harkins and Brown [19]. Lando and Oakley
[20] used a quadratic equation to fit the correction function to (r/V1/3). A better fit was
provided by Wilkinson and Kidwell [21].

9.6.5 The spinning drop method

Thismethod is particularly useful for themeasurement of very low interfacial tensions
(< 10−1 mNm−1) which are particularly important in applications such as spontaneous
emulsification and the formation of microemulsions. Such low interfacial tensions
may also be reached with emulsions, particularly when mixed surfactant films are
used. A drop of the less dense liquid A is suspended in a tube containing the second
liquid B. On rotating the whole mass (Fig. 9.5), the drop of the liquidmoves to the cen-
tre. With increasing speed of revolution, the drop elongates as the centrifugal force
opposes the interfacial tension force that tends to maintain the spherical shape, i.e.,
that having minimum surface area.

r0 r0

Elongated cyclinderProlate ellipsoid

Ι

Fig. 9.5: Schematic representation of a spinning drop: (a) prolate ellipsoid; (b) elongated cylinder.

An equilibrium shape is reached at any given speed of rotation. At moderate speeds
of rotation, the drop approximates to a prolate ellipsoid, whereas at very high speeds
of revolution, the drop approximates to an elongated cylinder. This is schematically
shown in Fig. 9.5.

When the shape of the drop approximates a cylinder (Fig. 9.5 (b)), the interfacial
tension is given by the following expression [22],

γ = ω2∆ρr40
4

, (9.57)
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where ω is the speed of rotation, ∆ρ is the density difference between the two liquids
A and B and r0 is the radius of the elongated cylinder. Equation (9.57) is valid when
the length of the elongated cylinder is much larger than r0.

9.7 Interfacial rheology

As mentioned above, a fluid interface in equilibrium exhibits an intrinsic state of ten-
sion that is characterized by its interfacial tension γ which is given by equation (9.2).
Adsorption of surfactants or polymers lowers the interfacial tension and this produces
a two-dimensional surface pressure π that is given by equation (9.17).

9.7.1 Interfacial shear viscosity

The interface is considered to be a macroscopically planer, dynamic fluid interface.
Thus, the interface is regarded as a two-dimensional entity independent of the sur-
rounding three-dimensional fluid. The interface is considered to correspond to a
highly viscous insoluble monolayer and the interfacial stress σs acting within such
a monolayer is sufficiently large compared to the bulk-fluid stress acting across the
interface and in this way one can define an interfacial shear viscosity ηs,

σs = ηs ̇γ, (9.58)

where ̇γ is the shear rate. ηs is given in surface Pa s (Nm−1 s) or surface poise (dyne
cm−1 s). It should be mentioned that the surface viscosity of a surfactant-free inter-
face is negligible and it can reach high values for adsorbed rigid molecules such as
proteins.

9.7.2 Measurement of interfacial viscosity

Many surface viscometers utilize torsional stress measurements upon a rotating ring,
disk or knife edge (shown schematically in Fig. 9.6) within or near to the liquid/liquid
interface [23]. This type of viscometer ismoderately sensitive; for a disk viscometer the
interfacial shear viscosity can be measured in the range ηs ≥ 10−2 surface Pa s.

The disk is rotated within the plane of the interface with angular velocity ω.
A torque is exerted upon the disk of radius R by both the surfactant film with sur-
face viscosity ηs and the viscous liquid (with bulk viscosity η) that is given by the
expression,

M = (8/3)R3ηω + 4πR2ηsω. (9.59)
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Ring viscometer Disk viscometer

Knife-edge viscometer

Fig. 9.6: Schematic representation of surface viscometers.

9.7.3 Interfacial dilational elasticity

The interfacial dilational (Gibbs) elasticity ε, which is an important parameter in de-
termining emulsion stability (reduction of coalescence during formation), is given by
the following equation,

ε = dγ
d ln A

, (9.60)

where dγ is the change in interfacial tension during expansion of the interface by an
amount dA (referred to as interfacial tension gradient resulting fromnon-uniform sur-
factant adsorption on expansion of the interface).

One of the most convenient methods for measuring ε is to use a Langmuir trough
with two moving barriers for expansion and compression of the interface. Another
method for measuring ε is to use the oscillating bubble technique and instruments
are commercially available.

A useful method formeasuring ε is the pulsed dropmethod [24]. Rapid expansion
of a droplet at the end of a capillary from a radius r1 to r2 is obtained by application of
pressure. The pressure dropwithin the droplet is measured as a function of time using
a sensitive pressure transducer. From the pressure drop one can obtain the interfacial
tension as a function of time. The Gibbs dilational elasticity is determined from values
of the time-dependent interfacial tension. Measurement can be made as a function of
frequency as is illustrated in Fig. 9.7 for stearic acid at the decane-water interface at
pH = 2.5.

9.7.4 Interfacial dilational viscosity

Measurement of the dilational viscosity is more difficult than measurement of the in-
terfacial shear viscosity. This is due to the coupling between dilational viscous and
elastic components. The most convenient method for measuring dilational viscosity
is the maximum bubble pressure technique that can only be applied at the air/water
interface. According to this technique, the pressure drop across the bubble surface at
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Fig. 9.7: Gibbs dilational elasticity versus frequency.

the instant when the bubble possesses a hemispherical shape (corresponding to the
maximum pressure) is due to a combination of bulk viscous, surface tension and sur-
face dilational viscosity effects and this allows one to obtain the interfacial dilational
viscosity.

9.7.5 Non-Newtonian effects

Most adsorbed surfactant and polymer coils at the oil/water (O/W) interface show
non-Newtonian rheological behaviour. The surface shear viscosity ηs depends on the
applied shear rate, showing shear thinning at high shear rates. Some films also show
Bingham plastic behaviour with a measurable yield stress.

Many adsorbed polymers and proteins show viscoelastic behaviour and one can
measure viscous and elastic components using sinusoidally oscillating surface dila-
tion. For example the complex dilational modulus ε∗ obtained can be split into an
“in-phase” (the elastic component ε󸀠) and “out-of-phase” (the viscous component ε󸀠󸀠)
components. Creep and stress relaxation methods can be applied to study viscoelas-
ticity.

9.8 Correlation of emulsion stability with interfacial rheology

9.8.1 Mixed surfactant films

Prins et al. [25] found that a mixture of sodium dodecyl sulphate (SDS) and dodecyl
alcohol give amore stableO/Wemulsionwhen compared to emulsions preparedusing
SDSalone. This enhanced stability is due to thehigher interfacial dilational elasticity ε
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for themixturewhen compared to that of SDS alone. Interfacial dilational viscosity did
not play a major role since the emulsions are stable at high temperature whereby the
interfacial viscosity becomes lower.

The above correlation is not general for all surfactant films since other factors such
as thinning of the film between emulsion droplets (which depends on other factors
such as repulsive forces) can also play a major role.

9.8.2 Protein films

Biswas and Haydon [26] found some correlation between the viscoelastic properties
of protein (albumin or arabinic acid) films at the O/W interface and the stability of
emulsion drops against coalescence. Viscoelastic measurements were carried out us-
ing creep and stress relaxation measurements (using a specially designed interfacial
rheometer). A constant torque or stress σ (mNm−1) was applied and the deformation γ
was measured as a function of time for 30 minutes. After this period the torque was
removed and γ (which changes sign) was measured as a function of time to obtain the
recovery curve. The results are illustrated in Fig. 9.8.

8

6

4

2

0

ɣ/
ra

d
(×

 10
¯²)

t/minutes

Recovery curve

Permanent
viscous flow

Delayed
elastic response

Instantaneous response

0 10 20 30 40 50 60

Fig. 9.8: Creep curve for protein film at the O/W interface.

From the creep curves one can obtain the instantaneous modulus G0 (σ/γint) and the
surface viscosity ηs from the slope of the straight line (which gives the shear rate) and
the applied stress. G0 and ηs are plotted versus pH as shown in Fig. 9.9. Both show an
increase with increasing pH reaching a maximum at pH ≈ 6 (the isoelectric point of
the protein) at which the protein molecules show maximum rigidity at the interface.

The stability of the emulsion was assessed by measuring the residence time t of
several oil droplets at a planer O/W interface containing the adsorbed protein. Fig. 9.9
shows the variation of t1/2 (time taken for half the number of oil droplets to coalesce
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with the oil at the O/W interface) with pH. Good correlation between t1/2 and G0 and
ηs is obtained.

Biswas and Haydon [26] derived a relationship between coalescence time τ and
surface viscosity ηs, instantaneous modulus G0 and adsorbed film thickness h,

τ = ηs[3C󸀠 h2A − 1
G0

− ϕ(t)], (9.61)

where 3C󸀠 is a critical deformation factor, A is the Hamaker constant and ϕ(t) is the
elastic deformation per unit stress.

Equation (9.61) shows that τ increases with increasing ηs, but most importantly it
is directly proportional to h2. These results show that viscoelasticity is necessary but
not sufficient to ensure stability against coalescence. To ensure stability of an emul-
sion one must make sure that h is large enough and film drainage is prevented.
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10 Adsorption of surfactants
at the solid/liquid interface

10.1 Introduction

Surfactants, both of the ionic and nonionic type, are used for preparation of solid/
liquid dispersions (suspensions) and their subsequent colloid stability. In order to
understand the role of surfactants in dispersion stabilization it is necessary to deter-
mine their adsorption and conformation at the solid surface. With ionic surfactants,
the molecules impart a charge on the surface of the solid resulting in the formation
of an electrical double layer. This results in electrostatic stabilization as discussed in
detail in Chapter 6. With nonionic surfactants, the surfactant adsorbed layer provides
stabilization by a mechanism referred to as steric repulsion. In this case the repulsion
occurs as a result of two main effects, namely unfavourable mixing of the surfactant
chains when these are in good solvent conditions and reduction of entropy on consid-
erable overlap of the surfactant chains. The details of the process of steric repulsion
will be discussed in Chapter 13.

Surfactants consist of a small number of units and they mostly are reversibly ad-
sorbed, allowing one to apply thermodynamic treatments. In this case, it is possi-
ble to describe the adsorption in terms of the various interaction parameters, namely
chain-surface, chain-solvent and surface-solvent. Moreover, the conformation of the
surfactantmolecules at the interface canbe deduced from these simple interaction pa-
rameters. However, in some cases these interactionparametersmay involve ill-defined
forces, such as hydrophobic bonding, solvation forces and chemisorption. In addition,
the adsorption of ionic surfactants involves electrostatic forces particularly with po-
lar surfaces containing ionogenic groups. For that reason, the adsorption of ionic and
nonionic surfactants will be treated separately. The surfaces (substrates) can also be
hydrophobic or hydrophilic and these may be treated separately. Thus, four cases can
be considered:
(i) adsorption of ionic surfactants on hydrophobic (nonpolar) surfaces;
(ii) adsorption of ionic surfactants on polar (charged) surfaces;
(iii) adsorption of nonionic surfactants on hydrophobic surfaces;
(iv) adsorption of nonionic surfactants on polar surfaces.

(i) and (iii) are governed by hydrophobic interaction between the alkyl chain and the
hydrophobic surface; the charge plays a minor role. (ii) and (iv) are determined by
charge and/or polar interaction.

At the solid/liquid interface one is interested in determining the following param-
eters:

https://doi.org/10.1515/9783110540895-011

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



186 | 10 Adsorption of surfactants at the solid/liquid interface

(i) The amount of surfactant adsorbed, Γ, per unit mass or unit area of the solid ad-
sorbent at a given temperature.

(ii) The equilibrium concentration of the surfactant C (mol dm−3 or mole fraction x =
C/55.51) in the liquid phase required to produce a given value of Γ at a given
temperature.

(iii) The surfactant concentration at full saturation of the adsorbent Γsat.
(iv) The orientation of the adsorbed surfactant ion or molecule that can be obtained

from the area occupied by the ion or molecule at full saturation.
(v) The effect of adsorption on the properties of the adsorbent (nonpolar, polar or

charged).

The general equation for calculating the amount of surfactant adsorbed onto a solid
adsorbent fromabinary solution containing two components (surfactant component 1
and solvent component 2) is given by [1],

n0∆x1
m

= ns1x2 − ns2x1. (10.1)

n0 is the number of moles of solution before adsorption, ∆x1 = x1,0 − x1 , x1,0 is the
mole fraction of component 1 before adsorption, x1 and x2 are the mole fractions of
components 1 and 2 at adsorption equilibrium, m is the mass of adsorbent in grams,
ns1 and ns2 are the number of components 1 and 2 adsorbed per gram of adsorbent at
adsorption equilibrium.

When the liquid phase is a dilute solution of surfactant (component 1) that much
more strongly adsorbed onto the solid substrate than the solvent (component 2), then
n0∆x1 = ∆n1 where ∆n1 is the change in number of moles of component 1 in solution,
ns2 ≈0 and x2 ≈ 1. In this case equation (10.1) reduces to,

ns1 = ∆n1
m

= ∆C1V
m

, (10.2)

where ∆C1 = C1,0 − C1, C1,0 is the molar concentration of component 1 before ad-
sorption, C1 is the molar concentration of component 1 after adsorption and V is the
volume of the liquid phase in litres.

The surface concentration Γ1 in molm−2 can be calculated from a knowledge of
surface area A (m2 g−1),

Γ1 = ∆C1V
mA

. (10.3)

The adsorption isotherm is represented by a plot of Γ1 versus C1. In most cases, the
adsorption increases gradually with increasing C1 and a plateau Γ∞1 is reached at full
coverage corresponding to a surfactant monolayer. The area per surfactant molecule
or ion at full saturation can be calculated,

as1 = 1018

Γ∞1 Nav
nm2, (10.4)

where Nav is the Avogadro number.
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10.2 Adsorption of ionic surfactants on hydrophobic surfaces

The adsorption of ionic surfactants on hydrophobic surfaces such as carbon black,
polymer surfaces and ceramics (silicon carbide or silicon nitride) is governed by
hydrophobic interaction between the alkyl chain of the surfactant and the hydro-
phobic surface. In this case, electrostatic interaction will play a relatively smaller
role. However, if the surfactant head group is of the same sign of charge as that on the
substrate surface, electrostatic repulsion may oppose adsorption. In contrast, if the
head groups are of opposite sign to the surface, adsorption may be enhanced. Since
the adsorption depends on themagnitude of the hydrophobic bonding free energy, the
amount of surfactant adsorbed increases directly with increasing alkyl chain length
in accordance with Traube’s rule.

The adsorption of ionic surfactants on hydrophobic surfaces may be represented
by the Stern–Langmuir isotherm [2]. Several assumptions have beenmade in deriving
the Stern–Langmuir equation:
(i) Only one type of ion, the surfactant ion, is specifically adsorbed; this assumption

is reasonable at low coverage.
(ii) One surfactant ion replaces one solvent molecule, i.e. the ion and solvent mole-

cules are of the same size.
(iii) The surface is considered homogeneous.
(iv) Dipole terms and self-atmosphere potentials, as well as lateral chain-chain inter-

actions are neglected.

Consider a substrate containing Ns sites (molm−2) on which Γ molm−2 of surfactant
ions are adsorbed. The surface coverage θ is (Γ/Ns) and the fraction of uncovered sur-
face is (1 − θ).

The rate of adsorption is proportional to the surfactant concentration expressed
in mole fraction, (C/55.5), and the fraction of free surface (1 − θ), i.e.

rate of adsorption = kads( C
55.5

)(1 − θ), (10.5)

where kads is the rate constant for adsorption.
The rate of desorption is proportional to the fraction of surface covered θ,

rate of desorption = kdesθ. (10.6)

At equilibrium, the rate of adsorption is equal to the rate of desorption and the ratio
of (kads/kdes) is the equilibrium constant K, i.e.,

θ(1 − θ) = C
55.5

K (10.7)

The equilibrium constant K is related to the standard free energy of adsorption by,

− ∆G0
ads = RT ln K (10.8)
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R is the gas constant and T is the absolute temperature. Equation (10.8) can bewritten
in the form,

K = exp(−∆G0
ads

RT
). (10.9)

Combining equations (10.7) and (10.9),

θ
1 − θ

= C
55.5

exp(−∆G0
ads

RT
). (10.10)

Equation (10.10) applies only at low surface coverage (θ < 0.1) where lateral interac-
tion between the surfactant ions can be neglected.

At high surface coverage (θ > 0.1) one should take the lateral interaction between
the chains into account, by introducing a constant A, e.g. using the Frumkin–Fowler–
Guggenheim equation [3],

θ(1 − θ) exp(Aθ) = C
55.5

exp(−∆G0
ads

RT
). (10.11)

The value of A can be estimated from themaximum slope (dθ/ln C)max of the isotherm
which occurs at θ = 0.5. Furthermore, at θ = 0.5 substitution of A into equation (10.11)
gives the value of ∆G0

ads.
The above treatment using the FFG isotherm has two limitations. Firstly, it is as-

sumed that A is constant and independent of surface coverage. In reality, A could
change in sign as well as increase in θ. At low coverages, A would reflect repulsive
(electrostatic) interaction between adsorbed surfactant ions. At higher coverage, at-
tractive chain-chain interaction becomes more important. The apparent adsorption
energy becomes more favourable at high surface coverage and this could lead to the
formation of “hemimicelles”. Secondly, electrostatic interactions are strongly affected
by the level of supporting electrolyte.

Various authors [4, 5] have used the Stern–Langmuir equation in a simple form to
describe the adsorption of surfactant ions on mineral surfaces,

Γ = 2rC exp(−∆G0
ads

RT
). (10.12)

Various contributions to the adsorption free energy may be envisaged. To a first ap-
proximation, these contributions may be considered to be additive. In the first in-
stance, ∆Gads may be taken to consist of two main contributions, i.e.,

∆Gads = ∆Gelec + ∆Gspec (10.13)

where ∆Gelec accounts for any electrical interactions (coulombic as well as polar) and
∆Gspec is a specific adsorption term which contains all contributions to the adsorp-
tion free energy that are dependent on the “specific” (non-electrical) nature of the
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system [6]. ∆Gelec is given by the sumof the coulombic interactions ∆Gcoul and a dipole
term, ∆Gdip,

∆Gelec = ∆Gcoul + ∆Gdip, (10.14)

∆Gcoul = Zieψd, (10.15)

where Zi is the ion valency, e is the electronic charge and ψd is the Stern potential.

∆Gdip = ∑
j
∆njμjEs. (10.16)

∆nj is the change in the number of adsorbed dipoles j of moment μj and Es is the
electrical field strength across the plane of the adsorbed species (taken as the in-
ner Helmholtz plane). Surfactant dipoles as well as water dipoles are accounted for
in equation (10.16).

If one neglects ∆Gdip (as in the original Stern equation), the basic interpretation
of ∆Gelec can be simplified. Three cases may be considered:
(i) when the surfactant ions are counterions to the net charge density (σ0 + σd), then

Zi andψd are of opposite sign, so Zieψd <0andelectrical interactionpromotes the
adsorption process. In the absence of other specifically adsorbed ions (such that
σd is initially zero), this situation will exist at low surface coverages (|σd| < |σ0|,
where σd and σ0 are of opposite sign) for cationic surfactant/negatively charged
surface and anionic surfactant/positively charged surface combinations.

(ii) If (σ0 + σd) is of the same sign as the surfactant ion, then Zi and ψd are of like sign
and Zieψd > 0, i.e. the electrical interactions oppose adsorption. In the absence
of specific adsorption, this situation will exist for anionic surfactant/negatively
charged surface and cationic surfactant/positively charged surface combinations.
It will also occur at high surface coverage for the combinations cited in the first
example, i.e. sufficient surfactant ions, initially as counterions, adsorb until |σd| >|σ0| (allowed for in terms of a ∆Gspec contribution). In other words, the isoelectric
point (IEP) is traversed and ψd is reversed in sign, so Zieψd becomes positive and
opposes the favourable ∆Gspec term.

(iii) At the IEP ∆Gelec becomes zero and adsorption is governed by the ∆Gspec term.

The above predictions were confirmed by studying the adsorption of sodium dodecyl
sulphonate on alumina (which has an IEP of pH = 9) as a function of pH [1]. This is
illustrated in Fig. 10.1.

At low surface coverage the adsorption of the anionic surfactant on positive alu-
mina surface (at pH < 9) is determined by ∆Gelec. As expected, the surfactant adsorp-
tion decreases with increasing pH since the surface becomes less positive.

Several authors subdivided ∆Gspec into supposedly separate independent inter-
actions [6, 7], e.g.,

∆Gspec = ∆Gcc + ∆Gcs + ∆Ghs + ⋅ ⋅ ⋅ , (10.17)
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Fig. 10.1: Amount of sodium dodecyl sulphonate adsorbed on alumina as a function of pH
(at 2 × 10−3 mol dm−3 ionic strength). Surfactant concentration in mol dm−3:△, 1 × 10−5;
◻, 3 × 10−5; 󳶋, 1 × 10−4; ⃝, 2.5 × 10−4.

where ∆Gcc is a term that accounts for the cohesive chain-chain interaction between
the hydrophobicmoieties of the adsorbed ions, ∆Gcs is the term for chain/substrate in-
teractionwhereas ∆Ghs is a term for the head group/substrate interaction. The driving
force of the hydrophobic interactions ∆Gcc and ∆Gcs is entropic in nature, arising from
the destruction of the short-lived structures ofwatermolecules organized aroundnon-
polar moieties [8]. These interactions depend on the nature of the solid surface and
any associated structured water, and whether or not this structure is disrupted by the
hydrophobic chains. Several other contributions to ∆Gspec may be envisaged e.g. ion-
dipole, ion-induced dipole or dipole-induced dipole interactions.

Since there is no rigorous theory that can predict adsorption isotherms, the most
suitablemethod to investigate adsorption of surfactants is to determine the adsorption
isotherm. Measurement of surfactant adsorption is fairly straightforward. A known
mass m (g) of the particles (substrate) with known specific surface area As (m2 g−1)
is equilibrated at constant temperature with surfactant solution with initial concen-
tration C1. The suspension is kept stirred for sufficient time to reach equilibrium. The
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particles are then removed from the suspension by centrifugation and the equilibrium
concentration C2 is determined using a suitable analytical method. The amount of ad-
sorption Γ (molm−2) is calculated using equation (10.3).

The adsorption isotherm is represented by plotting Γ versus C2. A range of surfac-
tant concentrations should be used to cover the whole adsorption process, i.e. from
the initial values to the plateau values. To obtain accurate results, the solid should
have a high surface area (usually > 1m2).

10.3 Examples of adsorption isotherms for ionic surfactants
on hydrophobic surfaces

Several examples may be quoted from the literature to illustrate the adsorption of sur-
factant ionson solid surfaces. For amodel hydrophobic surface, carbonblackhasbeen
chosen [9, 10]. Fig. 10.2 shows typical results for the adsorption of sodiumdodecyl sul-
phate (SDS) on two carbon black surfaces, namely Spheron 6 (untreated) andGraphon
(graphitized) which also describes the effect of surface treatment.

Graphon in 10¯¹ mol dm¯³ NaCl 

Spheron 6 after washing

Spheron 6 before washing

Graphon 

C/mmol dm¯³

Γ μ
m

ol
 m

¯²

20 24161284

4

5

3

2

1

0

Fig. 10.2: Adsorption isotherms for sodium dodecyl sulphate on carbon substrates.

The adsorption of SDS on untreated Spheron 6 tends to show a maximum that is
removed on washing. This suggests the removal of impurities from the carbon black
which becomes extractable at high surfactant concentration. The plateau adsorp-
tion value is ≈2 × 10−6 molm−2 (≈ 2 µmolm−2). This plateau value is reached at≈ 8mmol dm−3 SDS, i.e. close to the cmc of the surfactant in the bulk solution.
The area per surfactant ion in this case is ≈0.7 nm2. Graphitization (Graphon) re-
moves the hydrophilic ionizable groups (e.g. –C=O or –COOH), producing a surface
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that is more hydrophobic. The same occurs by heating Spheron 6 to 2700 °C. This
leads to a different adsorption isotherm (Fig. 10.2) showing a step (inflection point) at
a surfactant concentration in the region of ≈ 6mmol dm−3. The first plateau value is≈ 2.3 µmolm−2 whereas the second plateau value (that occurs at the cmc of the sur-
factant) is ≈ 4 µmolm−2. It is likely in this case that the surfactant ions adopt different
orientations at the first and second plateaus. In the first plateau region, a more “flat”
orientation (alkyl chains adsorbing parallel to the surface) is obtained whereas at the
second plateau vertical orientation ismore favourable, with the polar head groups be-
ing directed towards the solution phase. Addition of electrolyte (10−1 mol dm−3 NaCl)
enhances the surfactant adsorption. This increase is due to the reduction of lateral
repulsion between the sulphate head groups and this enhances the adsorption. The
disappearance of the inflection point in the presence of NaCl is considered to be a
consequence of the much steeper rise in adsorption at low surfactant concentration.

The adsorption of ionic surfactants on hydrophobic polar surfaces resembles
that for carbon black [11, 12]. For example, Saleeb and Kitchener [11] found a similar
limiting area for cetyltrimethyl ammonium bromide on Graphon and polystyrene
(≈0.4 nm2). As with carbon black, the area per molecule depends on the nature and
amount of added electrolyte. This can be accounted for in terms of reduction of head
group repulsion and/or counterion binding.

Surfactant adsorption close to the cmc may appear Langmuirian, although this
does not automatically imply a simple orientation. For example, rearrangement from
horizontal to vertical orientation or electrostatic interaction and counterion binding
may be masked by simple adsorption isotherms. It is essential, therefore, to combine
the adsorption isothermswith other techniques such asmicrocalorimetry and various
spectroscopic methods to obtain a full picture on surfactant adsorption.

The effect of increasing the alkyl chain length on ionic surfactant adsorption was
investigated by Conner and Ottewill [13] who measured the adsorption isotherms for
a series of alkyltrimethylammonium ions with C8, C10, C12 and C16 on polystyrene la-
tex. The results are shown in Fig. 10.3. For each of these isotherms the inflection at
low surfactant concentration can be accounted for by reversal of the sign of ∆Gelec
on adsorption of the cationic ions on the negative polystyrene latex particles. Ini-
tial adsorption of the cations causes charge neutralization and at a certain surfactant
concentration, the isoelectric point is reached and a further increase of surfactant
concentration causes charge reversal. The inflection at the higher surfactant concen-
tration may reflect the orientation of the alkyl chain from a horizontal orientation of
saturation coverage into a vertically oriented monolayer as the surfactant concentra-
tion is increased. In this way the solid-water and surfactant chain-water interactions
would be minimized at high coverage. For a hydrocarbon surface, one would expect
that ∆Gcs per CH2 group would be of the same order of magnitude as ∆Gcc, that is
about 1 kT.
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Fig. 10.3: Adsorption isotherms for alkyltrimethylammonium ions on polystyrene latex at pH = 8:
⃝, C16;△, C12; ◻, C10.

10.4 Adsorption of ionic surfactants on polar surfaces

The adsorption of ionic surfactants on polar surfaces that contain ionizable groups
may show characteristic features due to additional interaction between the head
group and substrate and/or possible chain-chain interaction. This is best illustrated
by the results of adsorption of sodium dodecyl sulphonate (SDSe) on alumina at
pH = 7.2 obtained by Fuersetenau [14] and shown in Fig. 10.4. At the pH value, the
alumina is positively charged (the isoelectric point of alumina is at pH ≈ 9) and the
counterions are Cl− from the added supporting electrolyte. In Fig. 10.4, the saturation
adsorption Γ1 is plotted versus equilibrium surfactant concentration C1 in logarithmic
scale. The figure also shows the results of zeta potential (ζ ) measurements (which are
a measure of the magnitude sign of charge on the surface). Both adsorption and zeta
potential results show three distinct regions. The first region, which shows a gradual
increase of adsorption with increasing concentration, with virtually no change in
the value of the zeta potential, corresponds to an ion exchange process [14]. In other
words, the surfactant ions simply exchange with the counterions (Cl−) of the support-
ing electrolyte in the electrical double layer. At a critical surfactant concentration,
the desorption increases dramatically with any further increase in surfactant con-
centration (region II). In this region, the positive zeta potential gradually decreases,
reaching a zero value (charge neutralization) after which a negative value is obtained
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Fig. 10.4: Adsorption isotherm for sodium dodecyl sulphonate on alumina and corresponding
zeta (ζ) potential.

which increases rapidly with increasing surfactant concentration. The rapid increase
in region II was explained in terms of “hemimicelle formation” that was originally
postulated by Gaudin and Fuerestenau [15]. In other words, at a critical surfactant
concentration (to be denoted the cmc of “hemimicelle formation” or better the critical
aggregation concentration CAC), the hydrophobic moieties of the adsorbed surfactant
chains are “squeezed out” from the aqueous solution by forming two-dimensional
aggregates on the adsorbent surface. This is analogous to the process of micellization
in bulk solution. However, the CAC is lower than the cmc, indicating that the substrate
promotes surfactant aggregation. At a certain surfactant concentration in the hemim-
icellization process, the isoelectric point is exceeded and, thereafter, adsorption is
hindered by the electrostatic repulsion between the hemimicelles and hence the
slope of the adsorption isotherm is reduced (region III).

10.5 Adsorption of nonionic surfactants

Several types of nonionic surfactants exist, depending on the nature of the polar
(hydrophilic) group. The most common type is that based on a poly(oxyethylene) gly-
col group, i.e. (CH2CH2O)nOH (where n can vary from as little as 2 units to as high as
100 ormore units) linked either to an alkyl (CxH2x+1) or alkyl phenyl (CxH2x+1–C6H4–)
group. These surfactants may be abbreviated as CxEn or CxϕEn (where C refers to the
number of C atoms in the alkyl chain, ϕ denotes C6H4 and E denotes ethylene oxide).
These ethoxylated surfactants are characterized by a relatively large head group
compared to the alkyl chain (when n > 4). However, there are nonionic surfactants
with small head group such as amine oxides (−N → 0) head group, phosphate oxide
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(−P → 0) or sulphinyl-alkanol (–SO–(CH2)n–OH). Most adsorption isotherms in the
literature are based on the ethoxylated type surfactants.

The adsorption isotherms of nonionic surfactants are inmany cases Langmuirian,
like those of most other highly surface active solutes adsorbing from dilute solutions
and adsorption is generally reversible. However, several other adsorption types are
produced [16] and those are illustrated in Fig. 10.5. The steps in the isotherm may
be explained in terms of the various adsorbate-adsorbate, adsorbate-adsorbent and
adsorbate-solvent interactions. These orientations are schematically illustrated in
Fig. 10.6.

In the first stage of adsorption (denoted by I in Fig. 10.5 and 10.6), surfactant-
surfactant interaction is negligible (low coverage) and adsorption occurs mainly by
van der Waals interaction. On a hydrophobic surface, the interaction is dominated

cmc cmc cmc

x2

Γ

I II
II

IIII III IIIIII
IV

IV

V

Fig. 10.5: Adsorption isotherms corresponding to the three adsorption sequences shown in Fig. 10.6.

I

II

A B C

III

IV

Fig. 10.6: Model for adsorption of nonionic surfactants.

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



196 | 10 Adsorption of surfactants at the solid/liquid interface

by the hydrophobic portion of the surfactant molecule. This is mostly the case with
pharmaceuticals and agrochemicals which have hydrophobic surfaces. Nevertheless,
the polar groups of the surfactant may have some interaction with the surface, and
the hydrophilic EO groups can have a slight positive adsorption even on a nonpolar
adsorbent. When the interaction is due to dispersion forces the heat of adsorption is
relatively small and corresponds to the heat liberated by replacing solvent molecules
with surfactant. At this stage, the molecule tends to lie flat on the surface because its
hydrophobic portion is positively adsorbed, as are alsomost types of hydrophilic head
groups, especially large PEO chains. With the molecule lying parallel to the surface,
the adsorption energy will increase in almost equal increments for each additional
carbon atom in its alkyl chain, and the initial slope of the isotherm will increase ac-
cordingly according to Traube’s rule. The same also happens with each additional EO
group.

The approach tomonolayer saturationwith themolecules lying flat (Fig. 10.6 II) is
accompanied by a gradual decrease in the slope of the adsorption isotherm as shown
in Fig. 10.5. Although most of the “free” solvent molecules will have been displaced
from the surface by the time the monolayer is complete, the surfactant molecules
themselves will probably stay hydrated at this stage. An increase in the size of the
surfactant molecule, e.g. by increasing the length of the alkyl chain or the PEO chain,
will decrease the adsorption (expressed in molm−2). Increasing temperature should
increase the adsorption because dehydration decreases the size of the adsorbate mol-
ecules. Increasing temperature reduces the solubility of the nonionic surfactant and
this enhances its adsorption (higher surface activity).

The subsequent stages of adsorption are increasingly dominated by adsorbate-
adsorbate interaction, although it is the adsorbate-adsorbent interaction that initially
determines how the adsorption progresses when stage II is completed. The adsorbate-
adsorbent interaction depends on the nature of the adsorbent and the HLB of the sur-
factant. When the hydrophilic group (e.g. PEO) is only weakly adsorbed it will be dis-
placed from the surface by the alkyl chain of the surfactant molecule (Fig. 10.6 III A).
This is particularly the case with nonpolar adsorbents such as C black or polystyrene
when the surfactant has a short PEO chain (relatively low HLB number). However, if
the interaction between the hydrophilic chain (PEO) and polar adsorbent such as sil-
ica or silicates is strong, the alkyl chain is displaced as is illustrated in Fig. 10.6 III C.
The intermediate situation (Fig. 10.5 III B) occurs when neither type of displacement
is favoured and the adsorbate molecules remain flat on the surface.

The change in the amount of adsorption in the third stage (stage III of Fig. 10.6)
is unlikely to be large, but as the concentration of the surfactant in bulk solution ap-
proaches the critical micelle concentration (cmc) there will be a tendency for the alkyl
chains of the adsorbed molecules to aggregate. This will cause the molecules to be
vertically oriented and there will be a large increase in adsorption (stage IV). The lat-
eral forces due to alkyl chain interactions will compress the head group, and for a
PEO chain this will result in a less coiled,more extended conformation. The longer the
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alkyl chain the greater will be the cohesion force and hence the smaller the surfactant
cross-sectional area. This may explain the increase in saturation adsorption with in-
creasing alkyl chain length and decreasing number of EO units in the PEO chain.With
nonpolar adsorbents the adsorption energy per methylene group is almost the same
as the micellization energy, so surface aggregation can occur quite easily even at con-
centrations below the cmc. However, with polar adsorbents, the head group may be
strongly bound to the surface, and partial displacement of a large PEO chain from the
surface, needed for close packing, may not be achieved until the surfactant concen-
tration is above the cmc.When the adsorption layer is like that shown in Fig. 10.6 IV C,
the surface becomes hydrophobic.

The interactions occurring in the adsorption layer during the fourth and subse-
quent stages of adsorption are similar to interactions in bulk solution where enthalpy
changes caused by increased alkyl-alkyl interactions balance those due to head group
interactions and the dehydration process. For this reason, the heat of adsorption re-
mains constant, although adsorption increases with increasing temperature due to
dehydration of the head group and its more compact nature.

The parallel between bulk micellization and the surface aggregation process
has been emphasized by Klimenko [17, 18] who suggested that above the cmc the
adsorbed surfactant molecules form micellar aggregates on the surface as illustrated
in Fig. 10.6 V. Both hemimicelles and full micelles can be formed on the surface.
This picture was supported by Klimenko [17] who found close agreement between
saturation adsorption and adsorption calculated based on the assumption that the
surface is covered with close-packed hemimicelles.

10.6 Theoretical treatment of surfactant adsorption

Kleminko [17, 18] developed a theoretical model for the three stages of adsorption of
nonionic surfactants. In the first stage (flat orientation) a modified Langmuir adsorp-
tion equation was used,

c2Ka = [ Γ2
Γ∗2 − Γ2(1 − a1/a󸀠2)a󸀠2

a1
a󸀠2

]f 󸀠2 , (10.18)

where c2 is the equilibrium concentration of surfactant in bulk solution, Γ2 is the sur-
face excess concentration at c2, Γ∗2 is the surface excess at the cmc, Ka is a constant, a1
and a󸀠2 are the effective cross-sectional areas of the solvent and adsorbatemolecules in
the surface, and f 󸀠a is an adsorbate surface activity coefficient. The term in the square
bracket is a type of surface “concentration”,which is defined as the ratio of numbers of
adsorbed surfactant molecules to the number of solvent molecules in the equilibrium
interfacial layer. The constant Ka allows for adsorbate-adsorbent interactions and is
therefore related to the energy of adsorption at infinite dilution. The adsorbate sur-
face activity coefficient f 󸀠a accounts for the adsorbate-adsorbate interaction and it is
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assumed to have the following dependence on Γ2 in the first stage of adsorption,

f 󸀠2 = exp[ Γ2
Γ∗2 − Γ2

− K2Γ2
Γ∗2

], (10.19)

where K2 is an adsorbate-adsorbate interaction constant.
When all the solvent molecules have been displaced and the surface is covered

with a close-packed monolayer of horizontal adsorbate molecules, the second stage
begins and the EO chains are progressively displaced by alkyl chains of adsorbatemol-
ecules. This allows the surface “concentration” to increase by the following amount,

Γ2 − Γ󸀠2
Γ󸀠2(a󸀠E/a1) − (Γ2 − Γ󸀠2)(a2/a1) , (10.20)

where Γ󸀠2 is the surface excess at the beginning of the second stage, a󸀠E is the cross-
sectional area of the EO chain lying flat on the surface, and a2 is the area of the surface
covered by each surfactant molecule. The adsorption isotherm for the second stage is
given by [17–19],

c2Ka = [ Γ󸀠2
Γ∗2 − Γ󸀠2(1 − a1/a󸀠2)a󸀠2

a1
a󸀠2

+ Γ2 − Γ󸀠2
Γ󸀠2a
󸀠
E − (Γ2 − Γ󸀠2)a2 a1]f

󸀠󸀠
a . (10.21)

The activity coefficient f 󸀠󸀠a is assumed to include contributions from EO chain interac-
tions and therefore to differ from f 󸀠a in its dependence on Γ2. The logarithm of f 󸀠󸀠a is
arbitrarily assumed to have linear dependence on Γ2:

ln f 󸀠󸀠a = ln(f 󸀠a)Γ󸀠2 + [ln(f 󸀠󸀠a )Γ∗2 − ln(f 󸀠a)Γ󸀠2]Γ2/(Γ∗2 − Γ󸀠2). (10.22)

In equation (10.22) f 󸀠a with subscript Γ󸀠2, the maximum value of f 󸀠a which is reached
when Γ2 = Γ󸀠2, is obtained by substituting the value of Γ

󸀠
2 into equation (10.19); f 󸀠󸀠a with

subscript Γ∗2 , the maximum value of f 󸀠󸀠a which is reached when c2 = c∗, the cmc, and
Γ2 = Γ∗2 can be obtained by substitution into equation (10.21).

In the final adsorption stage, which starts at the cmc, Klimenko [17–19] assumes
that the adsorbed surfactant associates into hemimicelles on the surface. By consid-
ering the equilibrium between molecules in the bulk solution and “free” positions in
these surface micelles, he drives a simple Langmuir isotherm,

C2K∗a = Γ2(Γ∞2 − Γ2) , (10.23)

where Γ∞2 is the maximum surface excess, i.e. the surface excess when the surface
is covered with close-packed hemimicelles, K∗a is a constant that is inversely propor-
tional to the cmc because it is assumed that the surfacemicelles are similar to the bulk
solution micelles, and c2 is the equilibrium concentration. Equation (10.23) does not
contain an activity coefficient because it is assumed that above the cmc deviations
from ideality in the surface and in bulk solution derive from a similar association ef-
fect with the result that the two activity coefficients will cancel each other out in the
adsorption equation.
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10.7 Examples of typical adsorption isotherms
of model nonionic surfactants on hydrophobic solids

Corkill et al. [20] studied the adsorption of very pure alkyl polyoxyethylene glycol mo-
noethers CxEn on Graphon (with a nitrogen BET specific surface area of 91m2 g−1). The
adsorption isotherms were mostly simple Langmuirian with saturation adsorption
reached near or above the cmc. The maximum adsorption increases with increasing
the alkyl chain length and decreasing the EO chain length. From the saturation ad-
sorption, the area per molecule at 25 °C was calculated and compared with the value
obtained at the solution/air interface (whichwas obtained from the γ–log c curves and
application of the Gibbs adsorption isotherm). The results are given in Tab. 10.1.

Tab. 10.1: Area per molecule at the Graphon/solution interface and air/solution interface at 25 °C.

Surfactant Area/molecule (nm2)

Graphon/solution interface Air/solution interface

E6 1.68 —
C6E6 0.93 0.94
C8E6 0.81 0.83
C10E6 0.65 0.72
C12E6 0.55 0.61
C8E9 1.09 1.02
C16E9 — 0.47

The similarity between the areas at the two interfaces suggests that, at saturation,mol-
ecules adsorbed on the solid are vertically oriented as in Fig. 10.6 IV. Hexaoxyethylene
glycol (E6) is also positively adsorbed on Graphon, indicating some affinity to the car-
bon surface.

The heat of wetting of Graphon with solutions of C8E6 was measured as a func-
tion of surface excess and the results showed an initial linear change in heat with
surface coverage corresponding to the replacement of water at the interface by the
hydrated surfactant molecules until the surface is saturated with horizontal adsor-
bate molecules. The plateau value for the heat of immersion is reached at a molecular
area of 1.32 nm2, which is close to the cross-sectional area of C8E6 lying flat. The con-
stancy of the heat of immersion at higher concentrations is attributed to the balance
between decreasing enthalpy, due to elimination of the alkyl/solution interface as the
molecules becomevertically oriented, and increasing enthalpy associatedwith thede-
hydration of the adsorbing molecule. The adsorption thus occurs with a net increase
in entropy analogous to the process of micellization.

The adsorption of nonionic surfactants based on poly(ethylene oxide) increases
with increasing temperature as illustrated in Fig. 10.7 for C8E6 and C8E3. Increasing
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temperature gradually dehydrates the PEO head group and this makes the molecule
less hydrophilic andmore compact, thus increasing the surface activity and saturation
adsorptionvalues. The importanceof the surfactant/solvent interaction is apparent on
the effect of temperature on the adsorption of C8E3. At 4.5 °C the adsorption isotherm is
a simple Langmuirian, but at 25 °C and 40 °C there is a very steep rise in adsorption at
high surfactant concentrations. This is characteristic of a surface condensation effect
and the steep rise occurs at concentrations below those at which surfactant phase
separation occurs in bulk solution. These concentrations are shown by broken lines
in Fig. 10.7.
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Fig. 10.7: Effect of temperature on the adsorption of C8E6 and C8E3 on Graphon.

Corkill et al. [21, 22] studied the adsorption of alkylsulphenyl alkanol surfactants,
CxH2x+1SO(CH2)nOHonGraphon. They found that the saturation adsorption, like that
of the ethoxylated surfactants, increases with increasing alkyl chain length and de-
creasing head group size. A summary of the results obtained is given in Tab. 10.2. From
the magnitude of the area occupied (A) by the surfactant at saturation and the obser-
vation that the carbon black dispersions were well stabilized, it was concluded that at
saturation the surfactant molecule was vertically oriented. The minimum areas were
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Tab. 10.2: Adsorption results for n-alkylsulphinyl alkanols on Graphon at 25 °C [22].

Adsorbate A (nm2) −∆H2
(kJ/mol)At isotherm

inflection
From horizontal
model

At
saturation

From vertical
model

C4H9SO(CH2)2OH — 0.58 ≈0.83 0.25 —
C6H13SO(CH2)2OH 0.84 0.70 0.44 0.25 42
C8H17SO(CH2)2OH 1.08 0.83 0.25 0.25 59
C10H21SO(CH2)2OH ≈1.68 0.98 — 0.25 109
C8H17SO(CH2)3OH 1.31 0.90 0.32 0.25 84
C8H17SO(CH2)4OH 1.68 0.98 0.36 0.25 117

slightly larger than the smallest cross-sectional area of the fully extended surfactant
molecule. This difference was attributed to the head group hydration.

Most of the isotherms showan inflection point at the cmc as illustrated in Fig. 10.5.
This is clearly illustrated in Fig. 10.8 for the adsorption of octylsulphinyl ethanol [22].
The heat of wetting for the alkylsulphinyl alkanols changes linearly with surface cov-
erage until adsorption reaches a value that corresponds fairly closely to the inflection
point of the isotherm. Thereafter the heat of adsorption is constant except for that
of decylsulphinyleethanol which continues to increase but less rapidly. This may be
due to the surfactant being close to its solubility limit. The change in heat with cover-
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Fig. 10.8: Adsorption isotherm of octylsulphinylethanol on Graphon at 25 °C [22].
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age is greater for the longer alkyl chains and larger number of head group methylene
groups. The partial molar heat of adsorption of the surfactant ∆H2 was calculated
by assuming that the surface concentration of “free” solvent became zero when the
heat of wetting became constant. ∆H2 had large negative values which increased as x
and n increased (Tab. 10.2). Corkill et al. [22] concluded that the alkylsulphenyl alkanol
system was very similar to the ethoxylated alcohol systems.

The surfactant is initially adsorbed as a highly hydratedmolecule lying parallel to
the surface, and the initial enthalpy changes are associated with the displacement of
the solvent molecules from the surface. When compete monolayer coverage has been
achieved, adsorbate-adsorbate interactions, similar to the process of micellization in
bulk solution, causes orientation changes and a large increase in adsorption occurs
near the cmc. The heat of adsorption becomes constant because the negative enthalpy
due to elimination of alkyl/solution interface is offset by the positive enthalpy due to
de-solvation.
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11 Polymers and polymeric surfactants
and their association

11.1 Introduction

Polymers and polymeric surfactants formunits in solutionwith dimensions in the col-
loid range. Homopolymers form random coils in solution that have radius of gyration
in the colloid range. With block (A–B and A–B–A) and graft (BAn or ABn) copolymers
consisting of two componentsA (that is soluble in themedium) andB (that is insoluble
in themedium), the copolymers associate in solution forming self-assembly structures
with a core of the B components and a “corona” with the A components. These asso-
ciation structures have dimensions in the colloid range.

In this chapter, I will start with general classification of polymers and polymeric
surfactants. This is followed by a section on the solution properties of polymers and
polymeric surfactants and their phase behaviour.

11.2 General classification of polymers and polymeric surfactants

11.2.1 Homopolymers

Perhaps the simplest type of a polymeric surfactant is a homopolymer [1–4], that is
formed from the same repeating units, such as poly(ethylene oxide) that is also re-
ferred to as polyethylene glycol and has the following chemical structure with the
repeating units of ethylene oxide,

H–(O–CH2–CH2)n–OH

Another homopolymer that is used inmanypharmaceutical formulations is poly(vinyl
pyrrolidone) that is formed from repeating units of vinyl pyrrolidone,

H2C

H2C

CH2 [CH2  – CH]

CH CH2
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O
N

N

nn
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These homopolymers have little surface activity at the O/W interface, since the ho-
mopolymer segments (ethylene oxide or vinylpyrrolidone) are highly water soluble
and have little affinity to the interface. However, such homopolymers may adsorb
significantly at the S/L interface, e.g. on silica. Even if the adsorption energy per
monomer segment to the surface is small (fraction of kT, where k is the Boltzmann
constant and T is the absolute temperature), the total adsorption energy per molecule
may be sufficient to overcome the unfavourable entropy loss of the molecule at the
S/L interface [1–4].

11.2.2 Random copolymers

As mentioned above, homopolymers are not the most suitable emulsifiers or disper-
sants. A small variant is to use polymers that contain specific groups that have high
affinity to the surface that are randomly attached to the polymer chain [1–4]. This is ex-
emplified by partially hydrolysed poly(vinyl acetate) (PVAc), technically referred to as
poly(vinyl alcohol) (PVA). The polymer is prepared by partial hydrolysis of PVAc, leav-
ing some residual vinyl acetate groups. Most commercially available PVA molecules
contain 4–20mol% acetate groups. These acetate groups, which are hydrophobic,
give themolecule its amphipathic character. This blockydistribution of acetate groups
on the poly(vinyl alcohol) backbone provides more effective anchoring of the poly-
meric surfactant chainon theparticles or emulsiondroplets.Onahydrophobic surface
such as polystyrene or a hydrocarbon oil, the polymer adsorbs with preferential at-
tachment of the acetate groups on the surface, leaving the more hydrophilic vinyl
alcohol segments dangling in the aqueous medium. These partially hydrolysed PVA
molecules also exhibit surface activity at the O/W interface as indicated by the reduc-
tion of the interfacial tension with increasing polymer concentration.

11.2.3 Block and graft copolymers

The most convenient polymeric surfactants are those of the block and graft copoly-
mer type. A block copolymer is a linear arrangement of blocks of variable monomer
composition. The nomenclature for a diblock is poly-A-block–poly-B and for a triblock
is poly-A-block–poly-B–poly-A. One of the most widely used triblock polymeric sur-
factants are the “Pluronics” or “Poloxamers” (BASF, Germany), which consists of two
poly-A blocks of poly(ethylene oxide) (PEO) and one block of poly(propylene oxide)
(PPO). Several chain lengths of PEO and PPO are available as indicated in the chemi-
cal structure below,
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O
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CH3 b a
General structure
with a = 2–130 and b = 15–67

For the Pluronics the trade name is codedwith a letter L (liquid), P (paste) and F (flake)
that defines its physical format room temperature. This is followed by two or three dig-
its; the first one or two digits multiplied by 300 indicate the approximate molar mass
of PPO and the last digit multiplied by 10 indicates the percentage of PEO. For ex-
ample, Pluronic L61 indicates a liquid with PPO molar mass of 1800 and 10% PEO.
Pluronic F127 indicates a flake with PPO molar mass 3,600 and 70% PEO. The Polox-
amers (which are FDA approved) are commonly named with the letter P followed by
three digits; the first two digits multiplied by 10 gives the approximate molar mas of
PPO and the last digit multiplied by 10 gives the percentage of PEO. For example,
Poloxamer P407 has a molar mass of PPO of 400 and 70% PEO. Later, triblocks of
PPO–PEO–PPO (inverse Pluronics) became available for some specific applications.
These polymeric triblocks can be applied as emulsifiers or dispersants, whereby the
assumption is made that the hydrophobic PPO chain resides at the hydrophobic sur-
face, leaving the two PEO chains dangling in aqueous solution and hence providing
steric repulsion. Although these triblock polymeric surfactants have beenwidely used
in various applications in emulsions and suspensions, some doubt has arisen on how
effective these can be. It is generally accepted that the PPO chain is not sufficiently
hydrophobic to provide a strong “anchor” to ahydrophobic surface or to anoil droplet.
Indeed, the reason for the surface activity of the PEO–PPO–PEO triblock copolymers
at theO/W interfacemay stem fromaprocess of “rejection” anchoring of thePPOchain
since it is not soluble both in oil and water [1–4].

Several other di- and triblock copolymers have been synthesized, although these
are of limited commercial availability. Typical examples are diblocks of polystyrene-
block–polyvinyl alcohol, triblocks of poly(methyl methacrylate)–block poly(ethylene
oxide)–block poly(methyl methacrylate), diblocks of polystyrene block–polyethylene
oxide and triblocks of polyethylene oxide–block polystyrene–polyethylene oxide
[1–4]. An alternative (and perhaps more efficient) polymeric surfactant is the am-
phipathic graft copolymer consisting of a polymeric backbone B (polystyrene or
polymethyl methacrylate) and several A chains (“teeth”) such as polyethylene oxide.
This graft copolymer is sometimes referred to as a “comb” stabilizer. This copolymer
is usually prepared by grafting amacromonomer such asmethoxy polyethylene oxide
methacrylate with polymethyl methacrylate. The “grafting onto” technique has also
been used to synthesize polystyrene-polyethylene oxide graft copolymers.
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11.2.4 Polymeric surfactants based on polysaccharides

Several surface active graft copolymers are available based on a hydrophilic backbone
of polysaccharide to which several hydrophobic alkyl chains are attached. A good
example is Emulsan that is produced by micro-organisms (bacteria). It consists of a
backbone of hetero-polysaccharide with repeating trisaccharide carrying a negative
charge. Fatty acid chains are covalently linked to the polysaccharide through ester
linkages [5], as illustrated in Fig. 11.1.
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Fig. 11.1: Structure of Emulsan.

Emulsan is moderately surface active showing a small reduction of the O/W interfa-
cial tension (for example it reduces the interfacial tension of hexane/water from 47 to
around 55mNm−1). However, it has a strong tendency to adsorb at the O/W interface
and can be very effective in stabilizing emulsions of specific oils in water.

Natural polysaccharides can be chemically modified into the equivalent of lipo-
polysaccharides by attachment of long alkyl or alkyl acryl chains [5]. For example,
cellulose can be modified with ethylene oxide and alkyl chloride. The cellulose is
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Fig. 11.2: Structure of cellulose modified with ethylene oxide and alkyl chloride.

swollen in strong alkali and the semi-soluble material is reacted with ethylene ox-
ide and alkyl chloride resulting in the formation of a polymeric surfactant with the
structure shown in Fig. 11.2. If the alkyl group is short, e.g. ethyl, the molecule is mod-
erately surface active. If some of the ethyl groups are replaced with long chain alkyls,
a polymerwith higher surface activity is obtained. Such graft copolymers are commer-
cially available and they are referred to as “associative thickeners”. They are used for
rheology control of many aqueous formulations, e.g. water-borne paints.

Another example of hydrophobically modified nonionic cellulose ether (HM-
EHEC) is shown in Fig. 11.3. The cellulose can be modified by a relatively random
substitution of hydroxyethyl and ethyl groups to give ethyl(hydroxyethyl) cellulose
(EHEC). A low fraction of hydrophobic alkyl groups is inserted to give HM-EHEC.

Another sugar-based surfactant is alkyl polyglucoside which is prepared by react-
ing starch or glucose with butanol using acid catalyst [6]. The resulting butyl oligogly-
coside intermediate is reacted with dodecanol using acid catalyst to produce dodecyl
polyglucosides as illustrated in Fig. 11.4. The reaction yields a mixture in which on
average more than one glucose unit is attached to an alcohol molecule. The average
number of glucoseunits linked to analcohol group is describedas the (average) degree
of polymerization (DP). Alkyl monoglycosides are themain group of components with
a content of more than 50% followed by the diglycosides and higher oligomers up to
heptaglucosides. Due to the presence of molecules with DP > 1, the surfactant may be
considered as polymeric. The alkyl polyglucosides show high surface activity at the
air/water and oil/water interfaces. They also have low critical micelle concentrations
comparable to those of nonionic surfactants.
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Fig. 11.3: Structure of hydrophobically modified ethylhydroxyethyl cellulose (HM-EHEC).

More recently, graft copolymers based on polysaccharides have been developed for
stabilization of disperse systems. One of the most useful graft copolymers are those
based on inulin that is obtained from chicory roots [7–9]. It is a linear polyfructose
chain with a glucose end. When extracted from chicory roots, inulin has a wide range
of chain lengths ranging from 2 to 65 fructose units. It is fractionated to obtain a mol-
ecule with narrow molecular weight distribution with a degree of polymerization > 23
and this is commercially available as INUTEC® N25. The latter molecule is used to
prepare a series of graft copolymers by random grafting of alkyl chains (using alkyl
isocyanate) on the inulin backbone. The first molecule of this series is INUTEC® SP1
that is obtained by random grafting of C12 alkyl chains. It has an average molecu-
lar weight of ≈ 5000 Daltons and its structure is given in Fig. 11.5. The molecule is
schematically illustrated in Fig. 11.6 which shows the hydrophilic polyfructose chain
(backbone) and the randomly attached alkyl chains.
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Inulin backbone

Alkyl chains Fig. 11.6: Schematic representation of
INUTEC® SP1 polymeric surfactant.

The main advantages of INUTEC® SP1 as stabilizer for disperse systems are:
(i) Strong adsorption to the particle or droplet bymultipoint attachmentwith several

alkyl chains. This ensures lack of desorption and displacement of the molecule
from the interface.

(ii) Strong hydration of the linear polyfructose chains, both in water and in the pres-
ence of high electrolyte concentrations and high temperatures. This ensures ef-
fective steric stabilization [10].

11.2.5 Natural polymeric biosurfactants

Most food emulsions require the use of naturally occurring polymeric surfactants
that must be approved by the Food and Drug Administration (FDA). One of the
most commonly used natural polysaccharide emulsifiers is gum arabic [11] which is
amphiphilic. It has a nonpolar polypeptide backbone with a number of polar polysac-
charide chains attached. On adsorption to oil droplet surfaces, the polypeptide chain
protrudes to the oil droplet surfaces, whereas the polysaccharide chains dangle into
the water. This leads to the formation of a relatively thick hydrophilic coating around
the oil droplets that prevents any aggregation and coalescence of the oil droplets.

A number of other naturally occurring amphiphilic polysaccharides that are
suitable for use as emulsifiers have been identified, e.g. pectin fractions isolated
from beet, citrus, apple, etc. These polymeric surfactants show surface activity at
the oil/water (O/W) interface and are able to stabilize the emulsion against floccu-
lation and coalescence. Chitosan, a cationic polysaccharide, typically isolated from
crustacean shells, is also capable of emulsion formation and stability.

One of the most common naturally occurring polymeric surfactants that are com-
monly used in food emulsions are the proteins. They are biopolymers consisting of
strings of amino acid units covalently linked by peptide bonds [11]. The type, number
and position of the amino acids in the polypeptide chain determine the molar mass
and functional properties of food proteins. Most proteins contain a mixture of polar
and nonpolar amino acids and, therefore, the amphiphilic molecules can adsorb at
the O/W interface thus stabilizing the emulsion. The relative balance of polar and
nonpolar groups exposed on their surfaces governs the surface activity of proteins.
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If the surface hydrophobicity is too low, the driving force for protein adsorption is not
strong enough to overcome the entropy loss associated with adsorption. Conversely,
if the surface hydrophobicity is too high, then the proteins tend to aggregate, become
water-insoluble, and lose their surface activity. Consequently, anoptimum level of sur-
face hydrophobicity is required for a protein to be a good emulsifier.Most proteins also
have a mixture of anionic, nonionic and cationic amino acids along the polypeptide
chains, which determines the charge of the protein molecule under different pH con-
ditions. At a certain pH, referred to as isoelectric point (IEP), the protein molecule
has a net zero charge. When the pH > IEP, the protein molecule is negatively charged,
whereaswhenpH < IEP theproteinmolecule becomespositively charged. The charged
chains play a major role in electrostatic stabilization.

Proteinsmay adopt various conformations in aqueous solution, depending on the
balance of van der Waals forces, hydrophobic interactions, electrostatic interactions,
hydrogen bonds, steric effects and entropy effects [11]. The balance is determined by
solution and environmental conditions such as pH, ionic strength and temperature.
Consequently, the conformation of a protein at an interface may change when these
conditions are altered. The two mostly common conformations of surface active pro-
teins used as emulsifiers are globular and random coil. Globular proteins have fairly
compact spheroid structures where the majority of the nonpolar groups are located
within the interior, and the majority of the polar groups are present at the exterior.
These globular proteins have surface activity because some of the nonpolar groups
remain exposed at their surfaces, which gives the driving force for adsorption at the
O/W interface. Random coils have a more flexible structure, although there may still
be some regions that have local order such as helical and sheet structures. The most
common random coil proteins used as emulsifiers in the food industry are casein and
gelatin. The structure of the protein often changes after they adsorb at the O/W inter-
face. For example, globular proteins may unfold after they adsorb to droplet surfaces
andexpose groupsnormally located in their interiors, suchasnonpolar and sulfhydryl
groups. After adsorption to the oil droplet surfaces, the protein molecule may adopt
a configuration where many of the hydrophilic groups protrude into the water phase,
whereas most of the hydrophobic groups protrude into the oil phase. This results in
high surface activity at the O/W interface and effective stabilization of the emulsion.

11.2.6 Silicone surfactants

Silicone surfactants are graft copolymers (“comb” type) with a backbone based on
polydimethylsiloxane, which is highly hydrophobic and insoluble in water [5, 12]. The
side chains (“teeth”) are water soluble, charged or uncharged, and the molecule be-
comes surface active in aqueous solution. Poly(ethylene glycol) (EO) or poly(ethylene
glycol)–poly(propylene glycol) (PEO–PPO) are by far the most common constituents
of the side chains. The side chain may contain a weakly polar group such as an ester
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or amine or it may be an ionic group. The general structure of the silicone surfactant
is shown in Fig. 11.7 with X being an ionic or nonionic polar group such as PEO or
PEO–PPO. The linkage between Si and the polyether chain may be either Si–O–C or
Si–C. The Si–O–C link is made by esterification of chloropolysiloxanes with hydroxyl-
functional organic compounds such as PEO–PPO copolymer. Thismakes themolecule
unstable undergoing hydrolysis in acid or alkaline conditions. However, the Si–C link-
age, where a carbon of the PEO–PPO copolymer is directly linked to the Si atom, is
stable. Such a linkage is usually made by a Pt-catalysed hydrosilating addition of an
Si–H function in the polysiloxane to a terminal olefinic bond in the substituted poly-
mer [5].
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Fig. 11.7: Structure of silicone surfactants with X being an
ionic or nonionic polar group such as PEO or PEO–PPO.

Silicone surfactants have unique propertieswhen comparedwith hydrocarbon surfac-
tants. They are very effective in lowering the surface tension of water to values around
20mNm−1 (when compared with the value of around 30mNm−1 obtained with most
hydrocarbon surfactants). They also have excellent wetting on low energy surfaces
such as polytetrafluroethane (PTFE). They are also powerful antifoamers.

11.2.7 Polymeric surfactants for nonaqueous dispersions

Block and graft copolymers based on poly(12-hydroxystearic acid) are used for non-
aqueous systems such as water-in-oil (W/O) emulsions and nonaqueous dispersions,
e.g. paints [13]. The poly(12-hydroxystearic acid) chains (the A chains of an A–B–A
block copolymer or the A side chains of a graft copolymer), which are of low molecu-
larweight (≈ 1000Daltons), provide steric stabilizationanalogous tohowPEObehaves
in aqueous solution [5]. The B anchor chains are chosen to be highly insoluble in
the nonaqueous medium and have some specific interaction with the surface of the
droplet or particle. For water-in-oil (W/O) emulsions an A–B–A block copolymer of
poly (12-hydroxystearic acid) (PHS) (the A chains) and poly (ethylene oxide) (PEO)
(the B chain): PHS–PEO–PHS, is commercially available (Arlacel P135). The PEO chain
(that is soluble in the water droplets) forms the anchor chain, whereas the PHS chains
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Fig. 11.8: Schematic representation of the structure of PHS–PEO–PHS block copolymer.

form the stabilizing chains. PHS is highly soluble inmost hydrocarbon solvents and is
strongly solvated by its molecules. The structure of the PHS–PEO–PHS block copoly-
mer is schematically shown in Fig. 11.8.

In the nonaqueous dispersion process (referred to as NAD) the monomer, nor-
mally anacrylic, is dissolved in anonaqueous solvent, normally analiphatic hydrocar-
bon and an oil soluble initiator and a stabilizer (to protect the resulting particles from
flocculation, sometimes referred to as “protective colloid”) is added to the reaction
mixture. The most successful stabilizers used in NAD are block and graft copolymers.
These block and graft copolymers are assembled in a variety of ways to provide the
molecule with an “anchor chain” and a stabilizing chain. As mentioned above, the
anchor chain should be sufficiently insoluble in themediumand have a strong affinity
to the polymer particles produced. In contrast, the stabilizing chain should be solu-
ble in the medium and strongly solvated by its molecules to provide effective steric
stabilization. The length of the anchor and stabilizing chains has to be carefully ad-
justed to ensure strong adsorption (by multipoint attachment of the anchor chain to
the particle surface) and a sufficiently “thick” layer of the stabilizing chain that pre-
vents close approach of the particles to a distance where the van der Waals attraction
becomes strong. Several configurations of block and graft copolymers are possible as
is illustrated in Fig. 11.9.

Typical preformed graft stabilizers based on poly(12-hydroxy stearic acid) (PHS)
are simple to prepare and effective in NAD polymerization. Commercial 12-hydroxy-
stearic acid contains 8–15% palmitic and stearic acids which limits the molecular
weight during polymerization to an average of 1500–2000. This oligomer may be
converted to a “macromonomer” by reacting the carboxylic group with glycidyl
methacrylate. The macromonomer is then copolymerized with an equal weight of
methyl methacrylate (MMA) or similar monomer to give a “comb” graft copolymer
with an average molecular weight of 10 000–20000. The graft copolymer contains on
average 5–10 PHS chains pendent from a polymeric anchor backbone of PMMA. This
graft copolymer can stabilize latex particles of various monomers. The major limita-
tion of the monomer composition is that the polymer produced should be insoluble
in the medium used.
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Fig. 11.9: Configurations of block and graft copolymers.

Several other examples of block and graft copolymers that are used in dispersion poly-
merization are given in Tab. 11.1 which also shows the continuous phase and disperse
polymer that can be used with these polymers.

Tab. 11.1: Block and graft copolymers used in emulsion polymerization.

Polymeric surfactant Continuous phase Disperse polymer

Polystyrene-block–poly(dimethyl siloxane) Hexane Polystyrene
Polystyrene-block–poly(methacrylic acid) Ethanol Polystyrene
Polybutadiene-graft–poly(methacrylic acid) Ethanol Polystyrene
Poly(2-ethylhexyl acrylate)-graft–poly(vinyl acetate) Aliphatic hydrocarbon Poly(methyl

methacrylate)
Polystyrene-block–poly(t-butylstyrene) Aliphatic hydrocarbon Polystyrene

11.2.8 Polymerizable surfactants

Polymerizable surfactants are amphipathic molecules containing somewhere in their
structure a polymerizable group such as styrenic, acrylic or methacrylic, vinylic,
maleic, crotonic or allylic [14]. These groupsmay be located in different places such as
at the end or head of the hydrophilic sequence, the end of the hydrophobicmoiety, be-
tween the two, or finally along the surfactant structure or pendent (side) groups. They
are generally referred to as surfmers [14]. One of the main applications of polymeriz-
able surfactants is for stabilization of vesicles. The secondmajor use of polymerizable
surfactants is their application as stabilizers in polymerization in dispersed media,
both in emulsion and dispersion polymerization. The surfactant is covalently linked
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to the surface of the particles, thus improving latex stability. A second kind of benefit
is expected in the case of film-forming latexes. In a conventional emulsion, the sur-
factants are not firmly attached to the particles and thus are able to migrate toward
the surface of the film. This may result in defects of adhesion if the film is expected to
protect the surface of a substrate. In addition, during coalescence phase separation
may occur. These problems are overcome when using surfactants that are covalently
linked to the surface of the latex. A third kind of benefit takes place if it is intended
that the latex will release material upon flocculation. If the surfactant is covalently
linked to the surface of the polymer particles, a smaller amount of it will be rejected
to the water phase [13].

11.3 Solution properties of polymeric surfactants

11.3.1 Polymer conformation and structure

Long flexible macromolecules have a large number of internal degrees of freedom. A
typical primary structure of such molecules is a linear chain of units connected by
covalent bonds referred to as the backbone. By rotation about the bonds in the back-
bone the molecule changes its shape resulting in a wide spectrum of conformations.
The rotation is hindered by the side groups, so that some of these conformations may
be rather unfavourable. In some macromolecules such as proteins sequences of pre-
ferred orientations show up as helical or folded sections.

For flexible linear polymers the energy barriers associated with rotation around
the bonds are small with respect to thermal motion. Such molecules have a randomly
fluctuating three-dimensional tertiary structure, referred to as a random coil, as illus-
trated in Fig. 11.10. The chain conformation is described as a random flight chain of N
bonds of length ℓ. The fluctuating distance between the end points is r. The quantity⟨r2⟩1/2, that is referred to as the mean end-to-end distance, is a measure of the size of
the chain, i.e. its mean coil diameter [15–19],

⟨r2⟩1/2 = N1/2ℓ. (11.1)

Another useful parameter is the radius of gyration ⟨s2⟩1/2 which is a measure of the
effective size of apolymermolecule (it is the rootmean-squaredistanceof the elements
of the chain from its centre of gravity).

For linear polymers,

⟨s2⟩1/2 = ⟨r2⟩1/2
61/2

. (11.2)

In real polymers the bonds cannot assume arbitrary directions but there are fixed an-
gles between them. In addition, rotation about bonds is not entirely free, because
the potential energy shows maxima and minima as a function of rotation angle. To

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



216 | 11 Polymers and polymeric surfactants and their association

r

l

Fig. 11.10: Schematic representation of the chain
conformation for a random coil.

account for these effects the above equations are modified by introducing a rigidity
parameter p (stiffness “persistence”) which depends on the architecture of the chain,

⟨r2⟩1/2 = 61/2p1/2N1/2ℓ, (11.3)

⟨s2⟩1/2 = p1/2N1/2ℓ; (11.4)

p = 1/6 for a (hypothetically) fully flexible chain and p increases as the chain becomes
less flexible, for example when the side groups are bulky. Typical p values for real
chains are in the range 0.5–4.

A useful parameter, called the characteristic ratio, was introduced by Flory [15]
and is defined as,

C∞ = ⟨r2⟩
Nℓ2b ; (11.5)

ℓ2b stands for the sum of the squares of the lengths of the backbone bonds of one
monomer unit, ℓ2b = ∑

i
a2i . (11.6)

The main consequence of the above equations is that for ideal chains the dimen-
sions (root mean square end-to-end distance and radius of gyration) are proportional
to N1/2. This is only valid for ideal chains where the volume of the segments and
solvency effects are entirely ignored. In other words, a walk may return to its origin
without any hindrance. This is unrealistic for segments which occupy a volume. In
good solvents where the chains swell the excluded volume becomes important. The
segments cannot overlap and there is an exclusion volume that automatically leads
to coil expansion. In very good solvents, where the segments repel each other the
excluded volume is larger than the exclusion volume. In contrast, in a poor solvent
the segments experience net attraction, the effective excluded volume is small and
the ideal chain model gives a reasonable description.
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In most synthetic methods for preparation of macromolecules the result is a mix-
ture with various molar masses. Thus, one needs to characterize the molar mass dis-
tribution (that can be determined for example by gel permeation chromatography). If
the molar mass is denoted byM, then the number density distribution function p(M)
and hence the fraction of polymer withmolarmass p(M)dM in the rangeM toM + dM
can be normalized by,

∞

∫
0

p(M)dM = 1. (11.7)

The number average molar mass is given by,

M̄n =
∞

∫
0

p(M)M dM. (11.8)

The weight average molar mass is given by,

M̄w = ∫∞0 p(M)M ⋅M dM

∫∞0 p(M)M dM
. (11.9)

The polydispersity coefficient U (which is a measure of polydispersity) is given by,

U = M̄w

M̄n
− 1. (11.10)

The molar mass distribution varies a great deal between different polymeric com-
pounds. In step polymerization, where monomers react in such a way that groups
which are linked together can be coupled with other groups, the molar mass distribu-
tion is broad. In chain polymerization, where reactive centres are created that react at
the beginning and become shifted after the reaction to the new end of the chain, thus
growing, a much narrower distribution is produced.

Large variations in the chemical structure can be obtained by a combination of
different monomers. This procedure is referred to as copolymerization and produces
statistical and block copolymers. In the first case, coupling is statistical and is de-
termined by the probabilities of attachment of twomonomers in a growing chain. The
resulting polymer is sometimes referred as random copolymer. In the second case, the
molecule is produced by coupling of longmacromolecular sequences of uniform com-
position. Depending on the number of sequences, di-, tri- or multi-block copolymers
may be prepared.

The above description refers to linear chains. However, several other structures
that contain short or long chain branches are produced. These side chains canbe short
or long thus producing grafted chain polymers. A special type is that of star polymers
where several polymer chains emanate from one common multifunctional centre.

As each macromolecule possesses a large number of internal degrees of freedom,
the analysis of the properties of the individual polymer becomes an important point
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of concern [15]. It is obvious that understanding single chain behaviour is a necessary
prerequisite for treatment of aggregate properties. Phenomena that are dominated
by intermolecular forces, such as the phase behaviour of binary polymer mixtures
and the structure of polyelectrolyte solutions, are important for treatment of polymer
solutions. Other important phenomena such as the viscoelasticity of most polymer
solutions also deserve particular attention.

The conformational state of a single polymer chain can be considered in terms
of its full steric structure. For example, a polymer chain like polyethylene possesses
a great internal flexibility and is able to change its conformation totally. Basically,
the number of degrees of freedom of the chain is given by three times the number
of atoms and it is convenient to split them into two different groups [15, 20]. A first
group concerns changes in valence angles and bond lengths, because they occur dur-
ingmolecular vibrations with frequencies in the infrared range. Thesemovements are
limited and do not affect the overall form of the chain. The second group of motions is
of a different character, in that they have the potential to alter the form. These are the
rotations about the C–C bond, which can convert the stretched chain into a coil and
accomplish the transitions between all conformational states. In dealingwith the con-
formational properties of a given polymer, only the latter group of degrees of freedom
has to be considered.

The huge number of rotational isomeric states that a polymer chain may adopt
becomes effective in fluid phase. Polymers in solution or the melt change between the
different states and these are populated according to the law of Boltzmann statistics
[5]. Because the large majority of conformations are coil-like, it is said that the poly-
mers in fluid state represent random coils. Fig. 11.11 shows a polymer coil as it might
look at limited resolution; a bent chain with a continuous appearance.

For the representation of the polymer coil, one can choose a curvilinear coordi-
nate l from l = 0 to l = lcr at the other end anddescribe the varying local chain direction
by unit vectors e(l). The chains may be stiff, i.e. opposing strong bending, or highly
flexible, thus facilitating coiling. The polymer chains possess, on length scale in the
order of some nanometres, properties that are independent of the chemical structure.
Theymay be grouped into twomain classes, namely Gaussian or ideal chains (for van-

e(l)

l = lct

l = 0
0

1 Ns

ɑNs

ɑNs–1

ɑ1
ɑ2 R

2

Fig. 11.11: Polymer chain in low resolution
(contour length lcr, local chain direction e(l)
together with an associated chain of Ns freely
joined segments, connecting the junction
points 0 to Ns) [20].

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



11.3 Solution properties of polymeric surfactants | 219

ishing excluded volume interactions) and expanded chain. This classification holds
only for chains with large molar masses. Real chains with moderate molar masses
often exhibit intermediate structures depending on the selected length scale. For ex-
ample, chains can be expanded over their whole length but follow Gaussian statistics
with parts, or chains can resemble straight rods for low molar masses and turn into
ideal coils for high molar masses.

Linear

Branched

Network

Randomcopolymer

Block copolymer

Grafted copolymer
Fig. 11.12: Schematic representation
of polymer structures.
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The polymer properties are governed by the choice of monomers. The latter in the
polymerization process constitute the repeat units, for example, acrylic acid is poly-
merized into poly(acrylic acid). A polymer can be linear, branched or crosslinked as
is illustrated in Fig. 11.12 [5].

If the polymer is synthesized with more than one kind of polymer, it is called a
copolymer (Fig. 11.12 (b)). The monomer units in a copolymer can be either
(i) randomly distributed;
(ii) distributed in blocks;
(iii) distributed such that one of the monomers is grafted in chains onto the backbone

of the other monomer chain (graft copolymer) as illustrated in Fig. 11.12 (b).

The polarity of the monomer units is used to categorize the polymer:
(i) nonpolar polymers such as polystyrene and polyethylene;
(ii) polar, but water insoluble such as poly(methyl methacrylate);
(iii) water-soluble polymers such as polyethylene oxide and polyvinyl alcohol;
(iv) ionizable polymers, or polyelectrolytes, such as poly(acrylic acid).

The configuration of a polymer in solution depends on the balance between the inter-
action of the segments with the solvent and the interaction of the polymer segments
with each other. As discussed above, a polymer can form a random coil or an extended
configuration.

Dissolution of a polymer in a given solvent can be a problem, in particular at an
industrial scale. Firstly, when the polymer is added to a solvent, the latter has to pen-
etrate the polymer coil and finally the coil is swollen with the solvent forming a highly
viscous and sticky mass (gel). The next step requires disentanglement of the chains
from the gel resulting in the diffusion of the polymer chains into the solvent. This can
be a slow process and it may take several hours or even days depending on the molar
mass of the polymer and its chemical structure.

11.3.2 Free energy of mixing of polymer with solvent – the Flory–Huggins theory

The effect of solvency for the polymer chain has been considered in the thermody-
namic treatment of Flory andHuggins [15–19], usually referred to as theFlory–Huggins
theory. This theory considers the free energy of mixing of pure polymer with pure sol-
vent, ∆Gmix, in terms of two contributions, namely the enthalpy ofmixing, ∆Hmix, and
the entropy of mixing, ∆Smix, i.e. using the second law of thermodynamics,

∆Gmix = ∆Hmix − T∆Smix. (11.11)

Assuming that the polymer chain adopts a configuration on a lattice (provided by
solvent molecules) and considering that the mixing is “random”, then the entropy
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of mixing ∆Smix is given by the following expression,

∆Smix = −k[n1 lnϕ1 + n2 lnϕ2], (11.12)

where k is the Boltzmann constant, n1 is the number of solvent molecules with a vol-
ume fractionϕ1 and n2 is thenumber of polymermoleculeswith a volume fractionϕ2.

The enthalpy of mixing, ∆Hmix, is given by the following expression,

∆Hmix = n1ϕ2χkT, (11.13)

where χ is a dimensionless interaction parameter and χkT expresses the difference
in energy of a solvent molecule in pure solvent compared to its immersion in pure
polymer. χ is usually referred to as the Flory–Huggins interaction parameter.

Combining equations (11.11)–(11.13), one obtains,

∆Gmix = kT[n1 lnϕ1 + n2 lnϕ2 + χn1ϕ2]. (11.14)

The mixing of a pure solvent with a polymer solution creates an osmotic pressure, π,
which can be expressed in terms of the polymer concentration c2 and the volume frac-
tion of the polymer,

π
C2

= RT[ 1
M2

+ ( v22
V1

)(1
2
− χ)c2 + ⋅ ⋅ ⋅ ], (11.15)

where v2 is the partial specific volume of the polymer (v2 = V2/M2) and V1 is themolar
volume of the solvent.

The second term in equation (11.15) is the second virial coefficient B2, i.e.,

π
c2

= RT[ 1
M2

+ B2 + ⋅ ⋅ ⋅ ], (11.16)

B2 = ( v22
V1

)(1
2
− χ). (11.17)

Note that B2 = 0 when χ = 1/2, i.e. the polymer behaves as ideal in mixing with the
solvent. This condition was termed by Flory [16] as the θ-point. Under these condi-
tions, the polymer chains in solution have no repulsion or attraction or they adopt
their unperturbed dimension. Clearly, when χ < 1/2, B2 is positive andmixing is non-
ideal leading to positive deviation (repulsion); this occurs when the polymer chains
are in “good” solvent conditions. In contrast, when χ > 1/2, B2 is negative andmixing
is non-ideal leading to negative deviation (attraction); this occurs when the polymer
chains are in “poor” solvent conditions (precipitation of the polymermay occur under
these conditions). Since the polymer solvency depends on temperature, one can also
define a theta temperature θ at which χ = 1/2.

The function [(1/2) − χ] can also be expressed in terms of twomixing parameters,
an enthalpy parameter κ1 and an entropy parameter ψ1, i.e.,

(1
2
− χ) = κ1 − ψ1. (11.18)
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The θ-temperature can also be defined in terms of κ1 and ψ1,

θ = κ1T
ψ1

. (11.19)

Alternatively, one can write,

(1
2
− χ) = ψ1(1 − θ

T
). (11.20)

The θ-temperature is an important parameter which describes a polymer-solvent sys-
tem. At this temperature a polymer segment will not be able to tell whether it is in
contact with another segment or a solventmolecule. The polymer will have the config-
uration it would have in its own liquid or it said to be in its “unperturbed dimension”.
In normal solvents the solvent quality increases as the temperature is raised (due to
the larger thermal energy) and hence each polymer segment will have a tendency to
be in contact with the solvent molecules rather in contact with the polymer’s own
segments. Thus, the polymer will expand its configuration. On the other hand, at tem-
peratures below the θ-temperature, the polymer segments prefer to be in contact with
other polymer segments rather than with the solvent molecules. Thus, the polymer
will contract. The θ-temperature is also called the Flory temperature and the solvent
or solvent mixture, at this temperature, is called a θ-solvent.

One can define an expansion or contraction parameter α that is given by,

α = RG
R0G

, (11.21)

where R0G is the radius of gyration at the θ-temperature.
Although the Flory–Huggins theory is sound in principle, several experimental

results cannot be accounted for. For example, it was found that the χ parameter de-
pends on the polymer concentration in solution. Most serious is the fact that many
polymer solutions (such as PEO) show phase separation on heating, when the the-
ory predicts that it should happen only on cooling. Another complication arises from
specific interactionwith the solvent, e.g. hydrogen bonding between polymer and sol-
vent molecules (e.g. with PEO and PVA in water). Also aggregation in solution (lack of
complete dissolution) may present another problem.

The derivation of the Flory–Huggins equation was carried out under the assump-
tion that volume changes occurring upon mixing of polymer and solvent are negligi-
ble. As discussed above, the free volume concept must be considered. This predicts
that near the critical point, where phase separation occurs, there are no bonds be-
tween themolecules constraining the separation of solventmolecules. They are, how-
ever, present for the segments of polymer molecules. Hence, upon heating a polymer
solution, the increase in free volume for the solvent is large, andmuch larger than that
for the polymer. This difference in free volume creates a large difference in the coeffi-
cient of expansionbetween thepolymer and solvent and this leads tophase separation
on heating.
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Prigogine et al. [17] introduced the concept of the effect of free volumedissimilarity
by their theory of solutions and they questioned the association of the χ parameter
with heat of mixing only. This led Flory and co-workers [15, 16] to introduce some
additional concepts. They pointed out that although a solution of a polymer in a chem-
ically similar solvent would have no contact dissimilarities, it would have them due to
the differences in length and size of the polymer chains. This means that the volume
changes taking place during mixing, VM, could not be neglected.

The Flory–Huggins theory only applies for ideal linear polymers. It fails to de-
scribe the properties of polymers with a structure having high monomer density such
as two- and three-dimensional branched polymers. It has been found that the theta
temperature of star-branched polymers is generally lower than that of linear polymers
and it also depends on the length of the arms [15, 16].

Another limitation of the Flory–Huggins theory is its applicability to polymers
in aqueous solutions. Firstly, water produces strong specific interaction between the
polymer and water molecules, mostly by hydrogen bonds. Secondly, complete disso-
lution of the polymer in water is questionable due to the aggregation of themolecules.
For these reasons, the Flory–Huggins theory has been found not to be applicable for
polymers such as poly(ethylene oxide) (PEO) or polyvinyl alcohol (PVA) which are
known to form strong hydrogen bonds between the ethylene oxide or vinyl alcohol
units and water. For example, colorimetric measurements showed that at low PEO
concentrations each EO unit is hydrogen bonded to two water molecules, whereas at
high PEO concentrations, the number of hydrogen bonds is significantly reduced to
one water molecule per two EO units.

The solution properties of copolymers are much more complicated. This is due
to the fact that the two copolymer components A and B behave differently in differ-
ent solvents. Only when the two components are both soluble in the same solvent,
then they exhibit similar solution properties. This is the case for example for a non-
polar copolymer in a nonpolar solvent. Dilute solutions of copolymers in solvents
that are good for both components exhibit similar behaviour to homopolymer chains,
resulting from interactions with solvent molecules and each other. Two possible mod-
els for copolymers have been proposed. The first one, called the segregated model,
assumes that there are only a few hetero-contacts, and the two different polymer com-
ponents behave like homopolymer chains. The second model, referred to as random
structure model, takes into account some overlap between different blocks creating
hetero-contacts between unlike segments. Several techniques can be applied to study
the possible configurations of copolymer components in solution. Most studies have
been carried out for block copolymers either in good solvents or θ-solvents for the
blocks. For example, light scattering, viscosity and GPC studies were carried out for
polystyrene-block-polyisoprene copolymers in methyl isobutylketone as the solvent.
The solvent is a near θ-solvent for these polymers. The results showed segregated con-
formation for the block copolymer with a limited number of hetero-contacts. Small
angle neutron scattering studies for polystyrene-block–poly(methylmethacrylate) in

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



224 | 11 Polymers and polymeric surfactants and their association

toluene showed that the poly(methylmethacrylate) block is in a tightly coiled confor-
mation, surrounded by a slightly expanded polystyrene shell.

In a selective solvent, whereby the medium is a good solvent for one component,
say A, and a poor solvent for the second component B, one part of the amphipathic
block or graft separate as a distinct phase, while the other stays in solution. The insol-
uble portion of the amphipathic copolymer will aggregate reversibly to formmicelles.
It is believed that the polymeric micelles are spherical and have a narrow particle size
distribution. Thus micelle formation in block and graft copolymers is analogous to
small molecule surface active materials. For graft copolymers in selective solvents,
the formation of “molecular micelles” has been observed. These resembled particles
with an insoluble swollen core surrounded by a sheath of soluble chains. Depending
on the concentration of solution, the temperature and the nature of the solvent, mul-
timolecular aggregates are observed. A schematic representation of monomolecular
and multimolecular micelles is shown in Fig. 11.13.

(a) (b)

Fig. 11.13: Schematic representation of monomolecular (a) and multimolecular (b) micelles.

The criticalmicelle concentration (cmc) of these block and graft copolymers is usually
very low. Because of the relatively high molecular weight of block and graft copoly-
mers (when compared with simple surfactants), the concentrations of these materials
have to be very low in order to precisely determine their cmc. Even at the cmc, the
solution does not only contain micellar aggregates, but also single molecules over a
very large range of concentrations. Similar to simple surfactants, the cmc can be de-
termined using surface tension (γ) versus concentrationmeasurements. From plots of

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



11.3 Solution properties of polymeric surfactants | 225

γ versus log C one can obtain the cmc. γ decreases with increasing log C until the cmc
is reached and then γ remains constant. Since with most block and graft copolymers
the molecular weight is not sufficiently narrow, calculation of C in mol dm−3 is not
straightforward and hence C is usually expressed in wt%.

Several methods may be applied to obtain the micellar size and shape of block
and graft copolymers, of which light scattering, small angle X-ray and neutron scat-
tering are probably themost direct. Dynamic light scattering (photon correlation spec-
troscopy) can also be applied to obtain the hydrodynamic radius of the micelle. This
technique is relatively easy to perform when compared with static light scattering,
since it does not require rigorous preparation of the samples.

11.3.3 Viscosity measurements for characterization of a polymer in solution

A convenient way to characterize a polymer in solution at low concentrations is to
measure the viscosity using capillary viscometry. The most widely used capillary vis-
cometer is theOstwald type shown schematically in Fig. 11.14. A variant of theOstwald
viscometer is the Cannon–Fenske type which is more convenient to use (Fig. 11.14).

Ostwald viscometer Cannon–Fenske viscometer

Fig. 11.14: Schematic pictures of Ostwald and Cannon–Fenske viscometers.

In capillary viscometry, one measures the volumetric flow Q (m3 s−1) and the viscosity
η is calculated using the Poiseulle equation [21],

η = πR4p
8QL

. (11.22)

R is the tube radius with length L; p is the pressure drop = hρg (where h is the liquid
height with density ρ and g is the acceleration due to gravity).
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One usually compares the viscosity of the liquid in question η2 with that of a liq-
uid with known viscosity η1. In this way, one can measure the flow rates of the two
liquids using the same viscometer with a bulb of volume V (the flow rate is simply
given by V divided by the time taken for the liquid to flow between the two marks on
the viscometer t1 and t2 for the two liquids).

Using equation (11.22) one simply obtains,

η1
η2

= t1ρ1
t2ρ2

. (11.23)

t1 and t2 are simply measured using a stopwatch (for automatic viscometers two fiber
optics are used). Accurate temperature control is necessary (±0.01 °C). The flow time t
must also be measured with an accuracy of ±0.01 s.

For measurement of the intrinsic viscosity [η] of polymers which can be used to
obtain the molecular weight and solvation of the polymer chains, one measures the
relative viscosity ηr as a function of polymer concentration C (in the range 0.01–0.1%).

ηr = ηs
η0

, (11.24)

where ηs is the viscosity of the polymer solution and η0 is that of the solvent.
From ηr one can obtain the reduced viscosity ηred

ηred = (ηr − 1). (11.25)

From ηred one can obtain the specific viscosity ηsp

ηsp = ηred
C

. (11.26)

A plot of ηsp versus C gives a straight line that can be extrapolated to C = 0 to obtain
the intrinsic viscosity [η]. This is illustrated in Fig. 11.15.

From [η] one can obtain the molecular weight M using the Mark–Houwink equa-
tion [η] = KMα , (11.27)

η s
p

C

[η]

Fig. 11.15: Measurement of intrinsic viscosity
of polymers.
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where K and α are constants for a particular polymer and solvent (values for many
polymer-solvent systems are tabulated in the Polymer Handbook). α is related to the
solvency of the medium for the polymer chain. In a good solvent α > 0.5; it has values
in the range 0.5–0.8. The higher the value of α, the better the solvent for the chain.

11.3.4 Phase separation of polymer solutions

When dissolving two liquids, the molecules are free to move and hence the entropy
for a liquid mixture is large. In contrast, when dissolving a polymer in a solvent, a
segment of the polymer is attached to several other segments and hence the entropy
of a single segment with a free solvent molecule is much less when compared with
mixing two solvents [5]. Therefore, polymer solutions have lower total entropy and
hence are less stable andmore prone to phase separation when compared tomixtures
of ordinary liquids. This was quantified by Flory and Huggins [15–19] as discussed
above. The Flory–Huggins theory predicts that a solution with a higher molar mass
is less stable towards phase when compared with a solution of the same polymer but
with a lowermolarmass. Hence,when a polymer phase separates in solution, the high
molar mass species will separate out first, leaving the lower molar mass species in
solution. This phenomenon is used for fractionation of polymer samples with respect
to molar mass.

The temperature at which phase separation occurs for 1% solution is called the
cloud point, due to the increased turbidity of the polymer solution as this temperature
is reached. The highest, or lowest, temperature where a phase separation occurs is
called the critical temperature and the corresponding polymer concentration is called
the critical composition. The question of whether or not a polymer dissolves in a sol-
vent is amatter of balance between the entropy and enthalpy ofmixing. The entropy of
mixing,which is low for polymers in solution, favoursmixing. The enthalpy ofmixing,
which is ameasure of the interaction energy between a segment and solventmolecule
when compared with the interaction energy between segments and solvent molecule
alone, is positive and it opposes mixing of the two components. In ordinary polymer/
solvent systems, the stability with regard to phase separation will decrease with de-
creasing temperature. In this case, phase separation occurs when the temperature is
sufficiently lowered and a concentrated polymer phase will be in equilibrium with
a dilute polymer solution. Phase separation in this case can also occur by adding a
nonsolvent to the polymer-solvent system.

However, some aqueous polymer solutions, whereby the polymer chain contains
a polyoxyethylene oxide (PEO) chain, show phase separationwhen the temperature is
increased. At very high temperatures, the two-phase regiondiminishes and the system
is homogeneous again. This is due to the increased thermal energy that counteracts
other forces at play. Thus, these polymer solutions show a low and upper critical so-
lution temperature.
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11.3.5 Solubility parameter concept for selecting the right solvent for a polymer

The solubility parameter is based on the assumption that “like dissolves like”. A poly-
mer is not soluble in certain liquids due to a large difference in the interaction be-
tween segments of the polymer and solvent molecules when compared to the inter-
action energy between segment-segment and solvent-solvent molecules. To achieve
some solubility the segment-solvent interaction energy should be as close as possible
to the interaction energy between the segment-segment and solvent-solvent mole-
cules. One method for measuring the interaction energies is to obtain the enthalpy
of vapourization, ∆Hvap, which reflects the cohesive forces in the liquid. This concept
was introduced by Hildebrand [22] who defined the cohesive energy ratio or solubility
parameter δ by dividing ∆Hvap by the molar volume V,

δ2 = ∆Hvap

V
. (11.28)

The units for the solubility parameter are cal1/2 cm−3/2 or J1/2 m−3/2 (= MPa1/2). Values
of solubility parameters for various polymer-solvent systems are given in the book by
Barton [23]. In order to find a suitable solvent for a polymer one should first find the
solubility parameter of the polymer and then select solvents that have solubility pa-
rameters that are close to that of thepolymer. For example, polystyrenehas a solubility
parameter of 9.1 cal1/2 cm−3/2 and suitable solvents are cyclohexane (δ = 8.2), benzene
(δ = 9.2) andmethyl ethyl ketone (δ = 9.3). In contrast n-hexane (δ = 7.3) and ethanol
(δ = 12.7) are nonsolvents, i.e. they do not dissolve polystyrene.

Hansen [24] subdivided δ2 into three contributions: δ2d (dispersion), δ
2
p (polar) and

δ2p (hydrogen bonding),
δ2 = δ2d + δ2p + δ2h. (11.29)

Several theories and computations are available for calculating the above contribu-
tions for various polymer and solvent systems.
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12 Adsorption and conformation
of polymeric surfactants at interfaces

12.1 Introduction

Nonionic and polymeric surfactants are essential materials for preparation of many
colloidal dispersions, of whichwemention dyestuffs, paper coatings, inks, agrochem-
icals, pharmaceuticals, personal care products, ceramics and detergents [1–3]. One of
the most important applications of nonionic polymeric surfactants is in the prepa-
ration of oil-in-water (O/W) and water-in-oil (W/O) emulsions as well as solid/liquid
dispersions [1–3]. In this case, the hydrophobic portion of the surfactant molecule
should adsorb “strongly” at the O/W interface or become dissolved in the oil phase,
leaving the hydrophilic components in the aqueous medium, whereby they become
strongly solvated by the water molecules.

Since surfactant adsorption is reversible, the molecules are seldom strongly ad-
sorbed at the interface and this may result in limited stability of the colloidal dis-
persion. The most effective stabilizers are polymeric surfactants of the A–B, A–B–A
block and BAn (or ABn) graft copolymer types. In these polymeric surfactants, the
chain B (referred to as the “anchor” chain) is chosen to be highly insoluble in the
medium and to have a strong affinity to the surface. The chain(s) A (referred to as
the “stabilizing chains”) are chosen to be highly soluble in the medium and strongly
solvated by its molecules. To understand the role of polymeric surfactants, it is nec-
essary to consider the adsorption and conformation of the molecules at the interface
and this is the main subject of the present chapter. Besides knowledge of the parame-
ters that determine the adsorption process, namely chain-surface, chain-solvent and
surface-solvent interactions, one of the most important effects is the conformation of
the polymeric surfactant molecules at the interface. This is key to understanding how
polymeric surfactants can be applied as stabilizers for disperse systems as will be dis-
cussed in Chapter 13.

For stabilization of emulsions and suspensions against flocculation, coalescence
and Ostwald ripening the following criteria must be satisfied:
(i) Complete coverage of the droplets or particles by the polymeric surfactant. Any

bare patches may result in flocculation as a result of van der Waals attraction or
bridging.

(ii) Strong adsorption (or “anchoring”) of the surfactant molecule to the surface of
the droplet or particle.

(iii) Strong solvation (hydration) of the stabilizing chain to provide effective steric sta-
bilization.

(iv) Reasonably thick adsorbed layer to prevent weak flocculation [1–3].

https://doi.org/10.1515/9783110540895-013
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As mentioned above, most of the above criteria for stability are best served by using
polymeric surfactants of the A–B, A–B–Ablock andBAn (or ABn) graft types, that were
described in detail in Chapter 11, as they are themost efficient for stabilization of emul-
sions and suspensions. These block and graft copolymers are ideal for preparation of
concentrated emulsions and suspensions, which are needed inmany industrial appli-
cations.

In this chapter, I will discuss in detail the adsorption of polymeric surfactants
at interfaces and their conformation. The theories of polymer adsorption will be dis-
cussed highlighting the most important parameters that affect polymer adsorption.
The experimental techniques that can be applied to determine the various adsorp-
tion parameters will be described. This is then followed by a section on examples of
polymeric surfactant adsorption at interfaces.

12.2 Polymers at interfaces

As mentioned above, understanding the adsorption and conformation of polymeric
surfactants at interfaces is key to knowing how these molecules act as stabilizers.
Most basic ideas on adsorption and conformation of polymers have been developed
for the solid/liquid interface [4]. The first theories on polymer adsorption were devel-
oped in the 1950s and 1960s, with extensive developments in the 1970s. The process of
polymer adsorption is fairly complicated. In addition to the usual adsorption consid-
erations such as polymer/surface, polymer/solvent and surface/solvent interactions,
one of the principal problems to be resolved is the configuration (conformation) of the
polymer at the solid/liquid interface. This was recognized by Jenkel and Rumbach in
1951 [5] who found that the amount of polymer adsorbed per unit area of the surface
would correspond to a layer more than 10 molecules thick if all the segments of the
chain are attached. They suggested a model in which each polymer molecule is at-
tached in sequences separated by bridges which extend into solution. In other words,
not all the segments of amacromolecule are in contact with the surface. The segments
which are in direct contact with the surface are termed “trains”; those in between
and extending into solution are termed “loops”; the free ends of the macromolecule
also extending into solution are termed “tails”. This is illustrated in Fig. 12.1 (a) for a
homopolymer. Examples of homopolymers that are formed from the same repeating
units are poly(ethylene oxide) or poly(vinyl pyrrolidone). These homopolymers have
little surface activity at the O/W interface, since the homopolymer segments (ethylene
oxide or vinylpyrrolidone) are highly water soluble and have little affinity to the inter-
face. However, such homopolymersmay adsorb significantly at the S/L interface. Even
if the adsorption energy per monomer segment to the surface is small (fraction of kT,
where k is the Boltzmann constant and T is the absolute temperature), the total ad-
sorption energy per molecule may be sufficient to overcome the unfavourable entropy
loss of the molecule at the S/L interface.
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Loops

Tail

Trains
(a)    Homopolymer 

sequence of loops- 
tails and trains

(d)    A-B block 
B forms small loops 
and A are tails

(e)    A-B-A block 

(c)    Chain lying flat 
on the surface

(b)    Chain with „blocks“  
that have higher affinity 
to the surface

(f)    BAn graft one 
B chain (small loops)  
and several A chains

Fig. 12.1: Various conformations of macromolecules on a plane surface.

Clearly, homopolymers are not the most suitable emulsifiers or dispersants. A small
variant is to use polymers that contain specific groups that have high affinity to the
surface. This is exemplified by partially hydrolysed poly(vinyl acetate) (PVAc), tech-
nically referred to as poly(vinyl alcohol) (PVA). The polymer is prepared by partial
hydrolysis of PVAc, leaving some residual vinyl acetate groups. Most commercially
available PVA molecules contain 4–12% acetate groups. These acetate groups, which
are hydrophobic, give the molecule its amphipathic character. On a hydrophobic sur-
face such as polystyrene, the polymer adsorbs with preferential attachment of the
acetate groups on the surface, leaving the more hydrophilic vinyl alcohol segments
dangling in the aqueous medium. The configuration of such “blocky” copolymers is
illustrated in Fig. 12.1 (b). Clearly, if the molecule is made fully from hydrophobic seg-
ments, the chain will adopt a flat configuration as illustrated in Fig. 12.1 (c).

Themost convenient polymeric surfactants are those of theblock andgraft copoly-
mer type. A block copolymer is a linear arrangement of blocks of variable monomer
composition. The nomenclature for a diblock is poly-A-block–poly-B and for a triblock
is poly-A-block–poly-B–poly-A. An example of an A–B diblock is polystyrene block–
polyethylene oxide and its conformation is represented in Fig. 12.1 (d). One of the
most widely used triblock polymeric surfactants are the “Pluronics” (BASF, Germany)
which consists of two poly-A blocks of poly(ethylene oxide) (PEO) and one block of
poly(propylene oxide) (PPO). Several chain lengths of PEO and PPO are available.
More recently, triblocks of PPO–PEO–PPO (inverse Pluronics) became available for
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some specific applications. These polymeric triblocks can be applied as emulsifiers
or dispersants, whereby the assumption is made that the hydrophobic PPO chain
resides at the hydrophobic surface, leaving the two PEO chains dangling in aqueous
solution and hence providing steric repulsion. Several other triblock copolymers
have been synthesized, although these are of limited commercial availability. Typical
examples are triblocks of poly(methyl methacrylate)–block poly(ethylene oxide)–
block poly(methyl methacrylate). The conformation of these triblock copolymers
is illustrated in Fig. 12.1 (e). An alternative (and perhaps more efficient) polymeric
surfactant is the amphipathic graft copolymer consisting of a polymeric backbone B
(polystyrene or polymethyl methacrylate) and several A chains (“teeth”) such as
polyethylene oxide. This graft copolymer is sometimes referred to as a “comb” stabi-
lizer. Its configuration is illustrated in Fig. 12.1 (f).

The polymer/surface interaction is described in terms of adsorption energy per
segment χs. The polymer/solvent interaction is described in terms of the Flory–
Huggins interaction parameter χ. For adsorption to occur, a minimum energy of
adsorption per segment χs is required. When a polymer molecule adsorbs on a
surface, it loses configurational entropy and this must be compensated by an ad-
sorption energy χs per segment. This is schematically shown in Fig. 12.2, where the
adsorbed amount Γ is plotted versus χs. The minimum value of χs can be very small
(< 0.1 kT) since a large number of segments per molecule are adsorbed. For a polymer
with say 100 segments and 10% of these are in trains, the adsorption energy per
molecule now reaches 1 kT (with χs = 0.1 kT). For 1000 segments, the adsorption
energy per molecule is now 10 kT.

As mentioned above, homopolymers are not the most suitable for stabilization
of dispersions. For strong adsorption, one needs the molecule to be “insoluble” in
themedium and to have strong affinity (“anchoring”) to the surface. For stabilization,
one needs the molecule to be highly soluble in the medium and strongly solvated by
its molecules; this requires a Flory–Huggins interaction parameter less than 0.5.

Γ

χˢ

Fig. 12.2: Variation of adsorption amount Γ with adsorption energy per segment χs.
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The above opposing effects can be resolved by introducing “short” blocks in the mol-
ecule which are insoluble in the medium and have a strong affinity to the surface,
as for example partially hydrolysed polyvinyl acetate (88% hydrolysed, i.e. with 12%
acetate groups), usually referred to as polyvinyl alcohol (PVA),

OH OCOCH3 OH
—(CH2—CH)x—(CH2—CH)y—(CH2—CH)x—

As mentioned above, these requirements are better satisfied using A–B, A–B–A and
BAn graft copolymers. B is chosen to be highly insoluble in the medium and it should
have high affinity to the surface. This is essential to ensure strong “anchoring” to the
surface (irreversible adsorption). A is chosen to be highly soluble in the medium and
strongly solvated by its molecules. The Flory–Huggins χ parameter can be applied in
this case. For a polymer in a good solvent, χ has to be lower than 0.5; the smaller the
χ value the better the solvent for the polymer chains. Examples of B for hydrophobic
particles in aqueous media are polystyrene, polymethylmethacrylate. Examples of A
in aqueous media are polyethylene oxide, polyacrylic acid, polyvinyl pyrrolidone and
polysaccharides. For nonaqueous media such as hydrocarbons, the A chain(s) could
be poly(12-hydroxystearic acid).

For a full description of polymer adsorption one needs to obtain information on
the following:
(i) The amount of polymer adsorbed Γ (in mg or mol) per unit area of the particles. It

is essential to know the surface area of the particles in the suspension. Nitrogen
adsorption on the powder surface may give such information (by application of
the BET equation) provided there will be no change in area on dispersing the par-
ticles in the medium. For many practical systems, a change in surface area may
occur on dispersing the powder, in which case one has to use dye adsorption to
measure the surface area (some assumptions have to be made in this case).

(ii) The fraction of segments in direct contact with the surface, i.e. the fraction of seg-
ments in trains p (p = (number of segments indirect contactwith the surface)/total
number).

(iii) The distribution of segments in loops and tails, ρ(z), which extend in several lay-
ers from the surface. ρ(z) is usually difficult to obtain experimentally although
recently application of small angle neutron scattering could obtain such informa-
tion.

An alternative and useful parameter for assessing “steric stabilization” is the hydro-
dynamic thickness, δh (thickness of the adsorbed or grafted polymer layer plus any
contribution from the hydration layer). Several methods can be applied to measure δh
as will be discussed below.
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12.3 Theories of polymer adsorption

Two main approaches have been developed to treat the problem of polymer adsorp-
tion:
(i) Random walk approach. This is based on Flory’s treatment of the polymer chain

in solution; the surface was considered as a reflecting barrier.
(ii) Statistical mechanical approach. The polymer configuration was treated as being

made of three types of structures, trains, loops and tails, each having a different
energy state.

The randomwalk approach is based on the randomwalk conceptwhichwas originally
applied to the problemof diffusion and later adopted by Flory to deduce the conforma-
tions of macromolecules in solution. The earliest analysis was by Simha, Frisch and
Eirich [6] who neglected excluded volume effects and treated the polymer as a random
walk. Basically, the solution was represented by a three-dimensional lattice and the
surface by a two-dimensional lattice. The polymer was represented by a realization
of a random walk on the lattice. The probabilities of performing steps in different
directions were considered to be the same except at the interface which acts as a
reflecting barrier. The polymer molecules were, therefore, effectively assumed to be
adsorbed with large loops protruding into the solvent and with few segments actually
attached to the surface, unless the segment-surface attractive forces were very high.
This theory predicts an isotherm for flexible macromolecules that is considerably dif-
ferent from the Langmuir-type isotherm. The number of attached segments per chain
is proportional to n1/2, where n is the total number of segments. Increasing themolec-
ular weight results in increased adsorption, except for strong chain interaction with
the surface.

This approach has been criticized by Silberberg [7] and byDiMarzio [8]. One of the
major problems was the use of a reflecting barrier as the boundary condition, which
meant over counting the number of distinguishable conformations. To overcome this
problem, Di Marzio and McCrackin [9] used a Monte Carlo method to calculate the
average number of contacts of the chain with the surface, the end-to-end length and
distribution of segments ρ(z)with respect to the distance z from the surface, as a func-
tion of chain length of the polymer and the attractive energy of the surface. The same
method was also used by Clayfield and Lumb [10, 11].

The statistical mechanical approach is a more realistic model for the problem of
polymer adsorption since it takes into account the various interactions involved. This
approach was first used by Silberberg [12] who treated separately the surface layer,
which contains adsorbed units (trains), and the adjacent layer in solution (loops or
tails). The units in each layer were considered to be in two different energy states and
partition functions were used to describe the system. The units close to the surface
are adsorbed with an internal partition function determined by the short-range forces
between the segments and the surface, whereas the units in loops and tails were con-
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sidered to have an internal partition function equivalent to the segments in the bulk.
By equating the chemical potential of macromolecules in the adsorbed state and in
bulk solution, the adsorption isotherm could be determined. In this treatment, Silber-
berg [12] assumed a narrow distribution of loop sizes and predicted small loops for
all values of the adsorption energy. Later, the loop size distribution was introduced
by Hoeve et al. [13–15] and this theory predicted large loops for small adsorption free
energies and small loops and more units adsorbed for larger adsorption free energies
when the chains are sufficiently flexible. Most of these theories considered the case
of an isolated polymer molecule at an interface, i.e. under conditions of low surface
coverage, θ. These theories were extended by Silberberg [16] and Hoeve [17, 18] to take
into account the lateral interaction between the molecules on the surface, i.e. high
surface coverage. These theories also considered the excluded volume effect, which
reduces the number of configurations available for interacting chains near the sur-
face. Excluded volume effects are strongly dependent on the solvent, as is the case for
chains in solution. Some progress has been made in the analysis of the problem of
multilayer adsorption [17, 18].

One feature of an adsorbed layer that is important in the theory of steric stabiliza-
tion is the actual segment distribution normal to the interface. Hoeve [17, 18] was the
first to calculate this quantity for an adsorbed homopolymer of loops and tails, using
random flight statistics. He showed that at a distance from the interface correspond-
ing to the thickness of the trains, there was a discontinuity in the distribution. Beyond
this the segment density falls exponentially with distance, as shown schematically in
Fig. 12.3.

Similarly,Meier [19] developed an equation for the segment density distribution of
a single terminally adsorbed tail. Hesselink [20, 21] has developed Meier’s theory and
given the segment density distribution for single tails, single loops, homopolymers
and random copolymers, as illustrated in Fig. 12.4.

ρ (
x)

x
Fig. 12.3: Segment density–distance
distribution.
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Fig. 12.4: Segment density distribution for single tails, single loops, homopolymers and random
copolymers.

A useful model for treating polymer adsorption and configuration was suggested by
Roe [22] Scheutjens andFleer (SF theory) [23–26] that is referred to as the stepweighted
random walk approach. In order to be able to describe all possible chain conforma-
tions, Scheutjens and Fleer [23–26] used a model of a quasi-crystalline lattice with
lattice layers parallel to the surface. Starting from the surface the layers are numbered
I = 1, 2, 3, . . . ,M, where M is a layer in bulk solution. All the lattice sites within one
layer were considered to be energetically equivalent. The probability of finding any
lattice site in layer I occupied by a segment was assumed to be equal to the volume
fraction ϕI in this layer. The conformation probability and the free energy of mixing
were calculated with the assumption of random mixing within each layer (the Brag–
Williams ormeanfield approximation). The energy for any segment is only determined
by the layer number, and each segment can be assigned aweighting or Boltzmann fac-
tor, pi, which depends only on the layer number. The partition functions were derived
for themixture of free and adsorbed polymermolecules, as well as for the solventmol-
ecules. Asmentioned before, all chain conformationswere described as stepweighted
random walks on a quasi-crystalline lattice which extends in parallel layers from the
surface; this is schematically shown in Fig. 12.5.

The partition function is written in terms of a number of configurations. These
were treated as connected sequences of segments. In each layer, random mixing
between segments and solvent molecules was assumed (mean field approximation).
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Tail

i = 1 2 3 4 5 6 7 8 9 M

Fig. 12.5: Schematic representation of a polymer molecule adsorbing on a flat surface – quasi-
crystalline lattice with segments filling layers that are parallel to the surface (random mixing of
segments and solvent molecules in each layer is assumed).

Each step in the randomwalk was assigned aweighting factor pi that consists of three
contributions:
(i) An adsorption energy χs (which exists only for the segments that are near the sur-

face).
(ii) Configurational entropy of mixing (that exists in each layer).
(iii) Segment-solvent interaction parameter χ (the Flory–Huggins interaction param-

eter; note that χ = 0 for an athermal solvent; χ = 0.5 for a θ-solvent).

The adsorption energy gives rise to a Boltzmann factor exp χs in the weighting factor
for the first layer, provided χs is interpreted as the adsorption energy difference (in
units of kT) between a segment and a solvent molecule. The configurational entropy
for the segment, as a part of the chain, is accounted for in the matrix procedure in
which all possible chain conformations are considered. However, the configurational
entropy loss of the solvent molecule, going from a layer i with low solvent concen-
tration to the bulk solution with a higher solvent concentration, has to be introduced
in pi. This entropy loss can bewritten as ∆s0 = k lnϕ0

∗/ϕ0
i per solventmolecule, where

ϕ0
i and ϕ

0
∗ are the solvent volume fractions in layer I and in bulk solution respectively.

This change is equivalent to introducing a Boltzmann factor exp(−∆s0/k) = ϕ0
i /ϕ0
∗

in the weighting factor pi. The last contribution stems from the mixing energy of the
exchange process. The transfer of a segment from the bulk solution to layer i is accom-
panied by an energy change (in units of kT) χ(ϕ0

i − ϕ0
∗), where χ is the Flory–Huggins

segment solvent interaction parameter.
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Fig. 12.6: Adsorption isotherms for oligomers and polymers in the dilute region based on
the SF theory. Full curves χ = 0.5; dashed curves χ = 0.

Fig. 12.6 shows typical adsorption isotherms plotted as surface coverage (in equivalent
monolayers) versus polymer volume fractionϕ∗ in bulk solution (ϕ∗was taken to vary
between 0 and 10−3, which is the normal experimental range).

The results in Fig. 12.6 show the effect of increasing the chain length r and effect of
solvency (athermal solvent with χ = 0 and theta solvent with χ = 0.5). The adsorption
energy χs was taken to be the same and equal to 1 kT. When r = 1, θ is very small
and the adsorption increases linearly with increasing ϕ∗ (Henry’s type isotherm). On
the other hand, when r = 10, the isotherm deviates strongly from a straight line and
approaches a Langmuirian type. However, when r ≥ 20 high affinity isotherms are
obtained. This implies that the first polymer chains added are completely adsorbed
resulting in extremely low polymer concentration in solution (approaching zero). This
explains the irreversibility of adsorption of polymeric surfactants with r > 100. The
adsorption isothermswith r = 100 and above are typical of those observed experimen-
tally formost polymers that are not too polydisperse, i.e. showing a steep rise followed
by a nearly horizontal plateau (which only increases few percent per decade increase
of ϕ∗). In these dilute solutions, the effect of solvency is most clearly seen, with poor
solvents giving the highest adsorbed amounts. In good solvents, θ is much smaller
and levels off for long chains to attain an adsorption plateau, which is essentially in-
dependent of molecular weight.

Some general features of the adsorption isotherms over a wide concentration
range can be illustrated by using logarithmic scales for both θ and ϕ∗ which highlight
the behaviour in extremely dilute solutions. Such a presentation [25–27] is shown in
Fig. 12.7.
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Fig. 12.7: Log-log presentation of adsorption isotherms of various r values, χs = 1; χ = 0.5;
hexagonal lattice.

These results show a linear Henry region followed by a pseudoplateau region. A tran-
sition concentration, ϕ1c

∗ , can be defined by extrapolation of the two linear parts. ϕc
∗

decreases exponentially with increasing chain length and when r = 50, ϕc
∗ is so small

(10−12) that it does not appear within the scale shown in Fig. 12.7. With r = 1000,
ϕc
∗ reaches the ridiculously low value of 10−235. The region below ϕc

∗ is the Henry
region where the adsorbed polymer molecules behave essentially as isolated mole-
cules. The representation in Fig. 12.7 also answers the question of reversibility versus
irreversibility for polymer adsorption.When r > 50, the pseudoplateau region extends
down to very low concentration (ϕc

∗ = 10−12) and this explains why one cannot eas-
ily detect any desorption upon dilution. Clearly, if such extremely low concentration
canbe reached, desorption of the polymermay take place. Thus, the lack of desorption
(sometimes referred to as irreversible adsorption) is due to the fact that the equilibrium
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between adsorbed and free polymer is shifted far in favour of the surface because of
the high possible number of possible attachments per chain.

Another point that emerges from the SF theory is the difference in shape between
the experimental and the theoretical adsorption isotherms in the low concentration
region. The experimental isotherms are usually rounded, whereas those predicted
from theory are flat. This is accounted for in terms of the molecular weight distribu-
tion (polydispersity) which is encountered with most practical polymers. This effect
has been explained by Cohen-Stuart et al. [27]. With polydisperse polymers, the larger
molecularweight fractions adsorbpreferentially over the smaller ones. At lowpolymer
concentrations, nearly all polymer fractions are adsorbed leaving a small fraction of
the polymer with the lowest molecular weights in solution. As the polymer concentra-
tion is increased, the highermolecular weight fractions displace the lower ones on the
surface, which are now released in solution, thus shifting themolecular weight distri-
bution in solution to lower values. This process continues with a further increase in
polymer concentration leading to fractionation whereby the higher molecular weight
fractions are adsorbed at the expense of the lower molecular weight fractions which
are released to the bulk solution. However, in very concentrated solutions, monomers
adsorb preferentially with respect to polymers and short chains with respect to larger
ones. This is due to the fact that in this region, the conformational entropy term pre-
dominates over the free energy, disfavouring the adsorption of long chains.

According to the SF theory, the bound fraction p and thedirect surface coverage θ1
depend on the chain length for the same volume fraction. This is illustrated in Fig. 12.8
which shows the adsorbed amount Γ (Fig. 12.8 (a)), surface coverage θ (Fig. 12.8 (b))
and fraction of adsorbed segments p = θ/Γ (Fig. 12.8 (c)) as a function of volume frac-
tion ϕ∗.

In the Henry region (ϕ∗ < ϕc
∗), p is rather high and independent of chain length

for r ≥ 20. In this region the molecules lie nearly flat on the surface, with 87% of seg-
ments in trains. At the other end of the concentration range (ϕ∗ = 1), p is proportional
to r−1/2. At intermediate concentrations, p is within these two extremes. With increas-
ing polymer concentration, the adsorbedmolecules become graduallymore extended
(lower p) until at very high ϕ∗ values they become Gaussian at the interface. In better
solvents the direct surface coverage is lower due to the stronger repulsion between the
segments. This effect is more pronounced if the surface concentration differs strongly
from the solution concentration. If the adsorption is small, the effect of the excluded
volume effect (and therefore of χ) is rather weak; the same applies if both the concen-
trations in the bulk solution andnear the surface are high. Both θ1 and θ decreasewith
increasing solvent power (decreasing χ) but the effect is stronger for θ than for θ1, re-
sulting in a higher bound fraction (thus flatter chains) frombetter solvents at the same
solution concentration.

The structure of the adsorbed layer is described in terms of the segment density
distribution. As an illustration, Fig. 12.9 shows some calculations using the SF theory
for loops and tails with r = 1000, ϕ∗ = 10−6 and χ = 0.5. In this example, 38% of the
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Fig. 12.9: Loop, tail and total segment profile according to the SF theory.

segments are in trains, 55.5% in loops and 6.5% in tails. This theory demonstrates the
importance of tails, which dominate the total distribution in the outer region.

12.4 Scaling theory for polymer adsorption

De Gennes [28] introduced a simple theory for terminally attached polymer chains on
a flat surface [29]. He considered the chain to be broken up into “blobs” as illustrated
in Fig. 12.10.

Fig. 12.10: Schematic representation of the blob model according to de Gennes [28].
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Inside the blob, the chain is self-avoiding but the blobs themselves can overlap and
are essentially ideal. For g monomers per blob, the blob size ξ ≈ gν/2 ≈ g2/3. If the
blobs can overlap, then R ≈ ξ0.5 and,

R ≈ n0.5g0.1. (12.1)

For an ideal chain, g = 1 and for a chain with full excluded volume n = g, which cor-
responds to the two extreme cases of an ideal and a swollen chain.

A schematic representation of the blob presentation of terminally attached chains
is given in Fig. 12.11.

d

δ

ζ

Fig. 12.11: Schematic representation of a termi-
nally attached chain d by blobs of size ξ.

If each blob contains a self-avoiding walk of g monomers, then the blob size is given
by,

ξ = g1/3 (12.2)

For N monomers the brush length δ is given by,

δ = (N
g
)ξ. (12.3)

The assumption is made that the blob size is directly related to the grafted amount σ
so that,

σ = 1
ξ2

. (12.4)

Combining equations (12.3) and (12.4),

δ = Nσ1/3. (12.5)
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The above analysis predicts that the brush length is linear in chain length. This is
clearly true for a rod normal to the surface, but suggests that chains closely grafted to-
gether on a surface are very strongly stretched. A more sophisticated approach which
confirms this result predicts that the brush volume fraction profile is parabolic [30].

12.5 Experimental techniques for studying
polymeric surfactant adsorption

As mentioned above, for full characterization of polymeric surfactant adsorption one
needs to determine three parameters:
(i) The adsorbed amount Γ (mgm−2 or molm−2) as a function of equilibrium concen-

tration Ceq, i.e. the adsorption isotherm.
(ii) The fraction of segments in direct contact with the surface p (number of segments

in trains relative to the total number of segments).
(iii) The segment density distribution ρ(z) or the hydrodynamic adsorbed layer thick-

ness δh.

It is important to obtain the adsorption parameters as a function of the important vari-
ables of the system:
(i) Solvency of the medium for the chain which can be affected by temperature, ad-

dition of salt or a nonsolvent. The Flory–Huggins interaction parameter χ could
be measured separately.

(ii) The molecular weight of the adsorbed polymer.
(iii) The affinity of the polymer to the surface as measured by the value of χs, the

segment-surface adsorption energy.
(iv) The structure of the polymer; this is particularly important for block and graft

copolymers.

12.5.1 Measurement of the adsorption isotherm

This is by far the easiest to obtain. One measures the polymeric surfactant concentra-
tion before (Cinitial, C1) and after (Cequilibrium, C2)

Γ = (C1 − C2)V
A

, (12.6)

where V is the total volume of the solution and A is the specific surface area (m2 g−1).
It is necessary in this case to separate the particles from the polymer solution after
adsorption. This could be carried out by centrifugation and/or filtration. One should
make sure that all particles are removed. To obtain this isotherm, one must develop a
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sensitive analytical technique for determination of the polymeric surfactant concen-
tration in the ppm range. It is essential to follow the adsorption as a function of time to
determine the time required to reachequilibrium. For somepolymermolecules suchas
polyvinyl alcohol, PVA, andpolyethylene oxide, PEO, (or blocks containing PEO), ana-
lytical methods based on complexation with iodine/potassium iodide or iodine/boric
acid potassium iodide have been established. For some polymers with specific func-
tional groups, spectroscopicmethodsmay be applied, e.g. UV, IR or fluorescence spec-
troscopy. A possible method is to measure the change in refractive index of the poly-
mer solution before and after adsorption. This requires very sensitive refractometers.
High resolutionNMRhas been recently applied since the polymermolecules in the ad-
sorbed state are in a different environment than those in the bulk. The chemical shift
of functional groups within the chain is different in these two environments. This has
the attraction ofmeasuring the amount of adsorptionwithout separating the particles.

12.5.2 Measurement of the fraction of segments p

The fraction of segments in direct contact with the surface can be directly measured
using spectroscopic techniques:
(i) IR if there is specific interaction between the segments in trains and the surface,

e.g. polyethylene oxide on silica from nonaqueous solutions [31, 32].
(ii) Electron spin resonance (ESR); this requires labelling of the molecule [33].
(iii) NMR, pulse gradient or spin-echo NMR. This method is based on the fact that the

segments in trains are “immobilized” and hence they have lower mobility than
those in loops and tails [34].

An indirect method for determining p is to measure the heat of adsorption ∆H us-
ing microcalorimetry [35]. One should then determine the heat of adsorption of a
monomer Hm (or molecule representing the monomer, e.g. ethylene glycol for PEO);
p is then given by the equation,

p = ∆H
Hmn

, (12.7)

where n is the total number of segments in the molecule.
The above indirect method is not very accurate and can only be used in a quali-

tative sense. It also requires very sensitive enthalpy measurements (e.g. using an LKB
microcalorimeter).

12.5.3 Determination of the segment density distribution ρ(z)
and adsorbed layer thickness δh

The segment density distribution ρ(z) is given by the number of segments parallel to
the surface in the z-direction. Three directmethods can be applied for determining the
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adsorbed layer thickness: ellipsometry, attenuated total reflection (ATR) and neutron
scattering. Both ellipsometry andATR [36] dependon thedifferencebetween refractive
indices between the substrate, the adsorbed layer and bulk solution and they require a
flat reflecting surface. Ellipsometry [36] is based on the principle that light undergoes
a change in polarizability when it is reflected at a flat surface (whether covered or
uncovered with a polymer layer.

The above limitations when using ellipsometry or ATR are overcome by the ap-
plication technique of neutron scattering, which can be applied to both flat surfaces
as well as particulate dispersions. The basic principle of neutron scattering is to mea-
sure the scattering due to the adsorbed layer, when the scattering length density of the
particle ismatched to that of themedium (the so-called “contrast-matching”method).
Contrast matching of particles and medium can be achieved by changing the isotopic
composition of the system (using deuterated particles and mixture of D2O and H2O).
It was used for measurement of the adsorbed layer thickness of polymers, e.g. PVA or
poly(ethylene oxide) (PEO) on polystyrene latex [37]. Apart from obtaining δ, one can
also determine the segment density distribution ρ(z).

The above technique of neutron scattering clearly gives a quantitative picture of
the adsorbed polymer layer. However, its application in practice is limited since one
needs to prepare deuterated particles or polymers for the contrast matching proce-
dure. The practical methods for determining the adsorbed layer thickness are mostly
based on hydrodynamic methods. Several methods may be applied to determine the
hydrodynamic thickness of adsorbedpolymer layers ofwhich viscosity, sedimentation
coefficient (using an ultracentrifuge) and dynamic light scattering measurements are
the most convenient. A less accurate method is from zeta potential measurements.

The viscosity method [38] depends on measuring the increase in the volume frac-
tion of the particles as a result of the presence of an adsorbed layer of thickness δh.
The volume fraction of the particles ϕ plus the contribution of the adsorbed layers
is usually referred to as the effective volume fraction ϕeff. Assuming the particles be-
have as hard spheres, then the measured relative viscosity ηr is related to the effective
volume fraction by the Einstein equation, i.e.,

ηr = 1 + 2.5ϕeff. (12.8)

ϕeff and ϕ are related from simple geometry by,

ϕeff = ϕ[1 + ( δh
R

)]3, (12.9)

where R is the particle radius. Thus, from a knowledge of ηr and ϕ one can obtain δh
using the above equations.

The sedimentation method depends on measuring the sedimentation coefficient
(using an ultracentrifuge) of the particles S󸀠0 (extrapolated to zero concentration) in
the presence of the polymer layer [39]. Assuming the particles obey Stokes’ law, S󸀠0 is
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given by the expression,

S󸀠0 = (4/3)πR3(ρ − ρs) + (4/3)π[(R + δh)3 − R3](ρadss − ρs)
6πη(R + δh) , (12.10)

where ρ and ρs are the mass density of the solid and solution phase respectively, and
ρads is the average mass density of the adsorbed layer, which may be obtained from
the average mass concentration of the polymer in the adsorbed layer.

In order to apply the above methods one should use a dispersion with monodis-
perse particles with a radius that is not much larger than δh. Small model particles of
polystyrene may be used.

A relatively simple sedimentation method for determining δh is the slow speed
centrifugation applied by Garvey et al. [39]. Basically, a stable monodisperse disper-
sion is slowly centrifuged at low g values (< 50 g) to form a close-packed (hexagonal or
cubic) lattice in the sediment. From a knowledge of ϕ and the packing fraction (0.74
for hexagonal packing), the distance of separation between the centre of two particles
Rδ may be obtained, i.e.,

Rδ = R + δh = (0.74Vρ1R3
W

), (12.11)

where V is the sediment volume, ρ1 is the density of the particles andW their weight.
The most rapid technique for measuring δh is photon correlation spectroscopy

(PCS) (sometime referred to as quasi-elastic light scattering) which allows one to
obtain the diffusion coefficient of the particles with and without the adsorbed layer
(Dδ and D respectively). This is obtained from measurements of the intensity fluctua-
tion of scattered light as the particles undergo Brownian diffusion [40]. When a light
beam (e.g. monochromatic laser beam) passes through a dispersion, an oscillating
dipole is induced in the particles, thus re-radiating the light. Due to the random
arrangement of the particles (which are separated by a distance comparable to the
wavelength of the light beam, i.e. the light is coherent with the interparticle distance),
the intensity of the scattered light will, at any instant, appear as random diffrac-
tion or “speckle” pattern. As the particles undergo Brownian motion, the random
configuration of the speckle pattern changes. The intensity at any one point in the
pattern will, therefore, fluctuate such that the time taken for an intensity maximum
to become a minimum (i.e. the coherence time) corresponds approximately to the
time required for a particle to move one wavelength. Using a photomultiplier of active
area about the size of a diffraction maximum, i.e. approximately one coherence area,
this intensity fluctuation can be measured. A digital correlator is used to measure the
photocount or intensity correlation function of the scattered light. The photocount
correlation function can be used to obtain the diffusion coefficient D of the particles.
Formonodisperse non-interacting particles (i.e. at sufficient dilution), the normalized
correlation function [g(1)(τ)] of the scattered electric field is given by the equation,

[g(1)(τ)] = exp−(Γτ), (12.12)
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where τ is the correlation delay time and Γ is the decay rate or inverse coherence time.
Γ is related to D by the equation,

Γ = DK2, (12.13)

where K is the magnitude of the scattering vector that is given by,

K = (4n
λ0

) sin( θ
2
), (12.14)

where n is the refractive index of the solution, λ is the wavelength of light in vacuum
and θ is the scattering angle.

From D, the particle radius R is calculated using the Stokes–Einstein equation,

D = kT
6πηR

, (12.15)

where k is the Boltzmann constant and T is the absolute temperature. For a polymer
coatedparticle,R is denotedRδ which is equal toR + δh. Thus, bymeasuringDδ andD,
one can obtain δh. It should be mentioned that the accuracy of the PCS method de-
pends on the ratio of δδ/R, since δh is determined by difference. Since the accuracy of
themeasurement is ±1%, δh should be at least 10%of the particle radius. Thismethod
can only be used with small particles and reasonably thick adsorbed layers.

Electrophoreticmobility, u, measurements can also be applied tomeasure δh [41].
From u, the zeta potential ζ , i.e. the potential at the slipping (shear) plane of the par-
ticles can be calculated. Adsorption of a polymer causes a shift in the shear plane
from its value in the absence of a polymer layer (which is close to the Stern plane) to
a value that depends on the thickness of the adsorbed layer. Thus by measuring ζ in
the presence (ζδ) and absence (ζ ) of a polymer layer one can estimate δh. Assuming
that the thickness of the Stern plane is ∆, then ζδ may be related to the ζ (which may
be assumed to be equal to the Stern potential ψd) by the equation,

tanh( eψδ
4kT

) = tanh( eζ
4kT

) exp[−κ(δh − ∆)], (12.16)

where κ is theDebyeparameter that is related to electrolyte concentrationandvalency.
It should be mentioned that the value of δh calculated using the above simple

equation shows a dependency on electrolyte concentration and hence the method
cannot be used in a straightforward manner. Cohen-Stuart et al. [41] showed that
the measured electrophoretic thickness δe approaches δh only at low electrolyte con-
centrations. Thus, to obtain δh from electrophoretic mobility measurements, results
should be obtained at various electrolyte concentrations and δe should be plotted
versus the Debye length (1/κ) to obtain the limiting value at high (1/κ) (i.e. low
electrolyte concentration) which now corresponds to δh.

 EBSCOhost - printed on 2/13/2023 1:58 AM via . All use subject to https://www.ebsco.com/terms-of-use



12.6 Examples of the adsorption isotherms of nonionic polymeric surfactants | 251

12.6 Examples of the adsorption isotherms
of nonionic polymeric surfactants

Fig. 12.12 shows the adsorption isotherms for PEOwith different molecular weights on
PS (at room temperature). It canbe seen that the amount adsorbed inmgm−2 increases
with increasing polymer molecular weight [42]. Fig. 12.13 shows the variation of the
hydrodynamic thickness δh withmolecular weightM. δh shows a linear increase with
logM. δh increases with n, the number of segments in the chain, according to,

δh ≈ n0.8. (12.17)
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Fig. 12.12: Adsorption isotherms for PEO on PS.
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Fig. 12.13: Hydrodynamic thickness of PEO on PS as a function of the molecular weight.
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Fig. 12.14: Adsorption isotherms of PVA with different molecular weights on polystyrene latex
at 25 °C.

Fig. 12.14 shows the adsorption isotherms of PVA with various molecular weights on
PS latex (at 25 °C) [43]. The polymers were obtained by fractionation of a commercial
sample of PVA with an average molecular weight of 45 000. The polymer also con-
tained 12% vinyl acetate groups. As with PEO, the amount of adsorption increases
with increasing M. The isotherms are also of the high affinity type. Γ at the plateau
increases linearly with M1/2.

The hydrodynamic thickness was determined using PCS and the results are given
below.

M 67000 43000 28000 17000 8000
δh (nm) 25.5 19.7 14.0 9.8 3.3

δh seems to increase linearly with increasing molecular weight.
The effect of solvency on adsorption was investigated by increasing the temper-

ature (the PVA molecules are less soluble at higher temperature) or addition of elec-
trolyte (KCl) [44, 45]. The results are shown in Fig. 12.15 and 12.16 for M = 65100.

The adsorption of block and graft copolymers is more complex since the intimate
structure of the chain determines the extent of adsorption [42]. Random copolymers
adsorb in an intermediate way to that of the corresponding homopolymers. Block
copolymers retain the adsorption preference of the individual blocks. The hydrophilic
block (e.g. PEO), the buoy, extends away from the particle surface into the bulk solu-
tion, whereas the hydrophobic anchor block (e.g. PS or PPO) provides firm attachment
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Fig. 12.16: Influence of addition of KCl on adsorption.

to the surface. Fig. 12.17 shows the theoretical prediction of diblock copolymer adsorp-
tion according to the Scheutjens and Fleer theory. The surface density σ is plotted ver-
sus the fraction of anchor segments νA. The adsorption depends on the anchor/buoy
composition.

The amount of adsorption is higher than for homopolymers and the adsorbed
layer thickness is more extended and dense. For a triblock copolymer A–B–A, with
two buoy chains and one anchor chain, the behaviour is similar to that of diblock
copolymers. This is shown in Fig. 12.18 for PEO–PPO–PEO block (Pluronic).
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copolymer (PEO–PPO–PEO).

12.7 Adsorbed layer thickness results

Fig. 12.19 shows a plot of ρ(z) against z for PVA (M = 37000) adsorbed on deuterated
PS latex in D2O/H2O.

The results shows amonotonic decay of ρ(z)with distance z from the surface and
several regions may be distinguished. Close to the surface (0 < z < 3nm), the decay
in ρ(z) is rapid and assuming a thickness of 1.3 nm for the bound layer, p was cal-
culated to be 0.1, which is in close agreement with the results obtained using NMR
measurements. In the middle region, ρ(z) shows a shallow maximum followed by a
slow decay which extends to 18 nm, i.e. close to the hydrodynamic layer thickness δh
of the polymer chain (see below). δh is determined by the longest tails and is about
2.5 times the radius of gyration in bulk solution (≈ 7.2 nm). This slow decay of ρ(z)
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Fig. 12.19: Plot of ρ(z) against z for PVA (M = 37000) adsorbed on deuterated PS latex in D2O/H2O.

with z at long distances is in qualitative agreement with Scheutjens and Fleers’ theory
[23], which predicts the presence of long tails. The shallow maximum at intermediate
distances suggests that the observed segment density distribution is a summation of
a fast monotonic decay due to loops and trains together with the segment density for
tails with a maximum density away from the surface. The latter maximumwas clearly
observed for a sample which had PEO grafted to a deuterated polystyrene latex [37]
(where the configuration is represented by tails only).

The hydrodynamic thickness of block copolymers shows different behaviour from
that of homopolymers (or random copolymers). Fig. 12.20 shows the theoretical pre-
diction for the adsorbed layer thickness δ which is plotted as a function of νA.

Fig. 12.21 shows the hydrodynamic thickness versus fraction of anchor segments
for an ABA block copolymer of (polyethylene oxide)–poly(propylene oxide)–poly(eth-
ylene oxide) (PEO–PPO–PEO) [42]. The theoretical (Scheutjens and Fleer) prediction
of adsorbed amount and layer thickness versus fraction of anchor segments are shown
in the inserts of Fig. 12.21.When there are two buoy blocks and a central anchor block,
as in the above example, the A–B–A block shows similar behaviour to that of an
A–B block. However, if there are two anchor blocks and a central buoy block, surface
precipitation of the polymermolecule at the particle surface is observed and this is re-
flected in a continuous increase of adsorption with increasing polymer concentration
as has been shown for an A–B–A block of PPO–PEO–PPO [42].
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Fig. 12.21: Hydrodynamic thickness versus fraction of anchor segments νA for PEO–PPO–PEO block
copolymer onto polystyrene latex. Insert shows the mean field calculation of thickness versus an-
chor fraction using the SF theory.
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12.8 Kinetics of polymer adsorption

The kinetics of polymer adsorption is a highly complex process. Several distinct pro-
cesses can be distinguished, eachwith a characteristic timescale [42]. These processes
may occur simultaneously and hence it is difficult to separate them. The first process
is the mass transfer of the polymer to the surface, which may be either diffusion or
convection. Having reached the surface, the polymer must then attach itself to a sur-
face site, which depends on any local activation energy barrier. Finally, the polymer
will undergo large-scale rearrangements as it changes from its solution conformation
to a “tail-train-loop” conformation. Once the polymer has reached the surface, the
amount of adsorption increases with time. The increase is rapid at the beginning but
subsequently slows as the surface becomes saturated. The initial rate of adsorption is
sensitive to the bulk polymer solution concentration and molecular weight as well as
the solution viscosity. Nevertheless, all the polymer molecules arriving at the surface
tend to adsorb immediately. The concentration of unadsorbed polymer around the pe-
riphery of the forming layer (the surface polymer solution) is zero and, therefore the
concentration of polymer in the interfacial region is significantly greater than the bulk
polymer concentration.Mass transport is found to dominate the kinetics of adsorption
until 75% of full surface coverage. At higher surface coverage, the rate of adsorption
decreases since the polymer molecules arriving at the surface cannot immediately
adsorb. Over time, equilibrium is set up between this interfacial concentration of poly-
mer and the concentration of polymer in the bulk. Given that the adsorption isotherm
is of the high affinity type, no significant change in adsorbed amount is expected, even
over decades of polymer concentration. If the surface polymer concentration increases
toward that of the bulk solution, the rate of adsorption decreases because the driving
force for adsorption (the difference in concentration between the surface and bulk
solutions) decreases. Adsorption processes tend to be very rapid and an equilibrated
polymer layer can form within several 1000 s. However, desorption is a much slower
process and this can take several years!
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13 Steric stabilization

13.1 Introduction

As mentioned in Chapter 12, many colloidal dispersions are stabilized against floccu-
lation (and coalescence in the case of emulsions) by the use of polymeric surfactants.
The latter, in particular, are very effective for stabilization due to their strong adsorp-
tion and formation of “thick” adsorbed layers (> 5 nm) which ensure effective steric
stabilization. The use of natural and synthetic polymers (referred to as polymeric sur-
factants) for stabilization of colloidal dispersions plays an important role in industrial
applications, such as in paints, cosmetics, pharmaceuticals, agrochemicals, ceramics,
etc. Polymers are particularly important for preparation of concentrated dispersions,
i.e. at high volume fraction ϕ of the disperse phase,

ϕ = volume of all particles
total volume of dispersion

. (13.1)

Polymers are also essential for stabilization of nonaqueous dispersions, since in this
case electrostatic stabilization is not possible (due to the low dielectric constant of the
medium). To understand the role of polymers in dispersion stability, it is essential to
consider the adsorption and conformation of the macromolecule at the solid/liquid
interface and this was discussed in detail in Chapter 12. In this chapter, I will cover
the topic of interaction between particles containing adsorbed polymeric surfactants
and the theory of steric stabilization [1–3].

13.2 Interaction between particles or droplets containing
adsorbed polymer layers

When twoparticles or droplets, eachwith a radius R and containing an adsorbed poly-
mer layer with a hydrodynamic thickness δh, approach each other to a surface-surface
separation distance h that is smaller than 2δh, the polymer layers interact with each
other resulting in two main situations [1–3]:
(i) The polymer chains may overlap with each other.
(ii) The polymer layer may undergo some compression.

In both cases, there will be an increase in the local segment density of the polymer
chains in the interaction region. This is schematically illustrated in Fig. 13.1. The real
situation is perhaps in between the above two cases, i.e. the polymer chains may un-
dergo some interpenetration and some compression.

https://doi.org/10.1515/9783110540895-014
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Interpenetration without
compression

Compression without
interpenetration

Fig. 13.1: Schematic representation of the inter-
action between particles containing adsorbed
polymer layers.

Provided the dangling chains (the A chains in A–B, A–B–A block or BAn graft copoly-
mers) are in a good solvent, this local increase in segment density in the interaction
zone will result in strong repulsion as a result of two main effects:
(i) Increase in the osmotic pressure in the overlap region as a result of the un-

favourable mixing of the polymer chains, when these are in good solvent con-
ditions. This is referred to as osmotic repulsion or mixing interaction and it is
described by a free energy of interaction Gmix.

(ii) Reduction of the configurational entropy of the chains in the interaction zone; this
entropy reduction results from the decrease in the volume available for the chains
when these are either overlapped or compressed. This is referred to as volume
restriction interaction, entropic or elastic interaction and it is described by a free
energy of interaction Gel.

The combination of Gmix and Gel is usually referred to as the steric interaction free
energy, Gs, i.e.,

Gs = Gmix + Gel. (13.2)

The sign of Gmix depends on the solvency of the medium for the chains. If in a good
solvent, i.e. the Flory–Huggins interaction parameter χ is less than 0.5, then Gmix is
positive and the mixing interaction leads to repulsion (see below). In contrast, if χ >
0.5 (i.e. the chains are in a poor solvent condition), Gmix is negative and the mixing
interaction becomes attractive. Gel is always positive and hence in some cases one can
produce stable dispersions in a relatively poor solvent (enhanced steric stabilization).

13.2.1 Mixing interaction Gmix

This results from the unfavourable mixing of the polymer chains when these are in
good solvent conditions. This is schematically shown in Fig. 13.2.

Consider two spherical particles with the same radius and each containing an ad-
sorbed polymer layer with thickness δ. Before overlap, one can define in each polymer
layer a chemical potential for the solvent μαi and a volume fraction for the polymer in
the layer ϕα

2. In the overlap region (volume element dV), the chemical potential of the
solvent is reduced to μβi . This results from the increase in polymer segment concen-
tration in this overlap region. In the latter, the volume fraction of the polymer is now
ϕβ
2, which is higher than ϕα

2. In other words, the chemical potential of the polymer
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Chemical potential
of solvent

μa
i

dV (μß
i )

δ R

h

h

Fig. 13.2: Schematic representation of polymer layer overlap.

chains is now higher than in the rest of the layer (with no overlap). This amounts to an
increase in the osmotic pressure in the overlap region; as a result solvent will diffuse
from the bulk to the overlap region, thus separating the particles and hence a strong
repulsive energy arises from this effect.

The above repulsive energy can be calculated by considering the free energy of
mixing of two polymer solutions, as for example treated by Flory and Krigbaum [4].
The free energy of mixing is given by two terms:
(i) An entropy term that depends on the volume fraction of polymer and solvent.
(ii) An energy term that is determined by the Flory–Huggins interaction parameter χ,

δ(Gmix) = kT(n1 lnϕ1 + n2 lnϕ2 + χn1ϕ2), (13.3)

where n1 and n2 are the number of moles of solvent and polymer with volume
fractions ϕ1 and ϕ2, k is the Boltzmann constant and T is the absolute tempera-
ture.

The total change in free energy ofmixing for thewhole interaction zone, V, is obtained
by summing over all the elements in V,

Gmix = 2kTV2
2

V1
ν2(12 − χ)Rmix(h), (13.4)

where V1 and V2 are the molar volumes of solvent and polymer respectively, ν2 is the
number of chains per unit area and Rmix(h) is a geometric function which depends on
the form of the segment density distribution of the chain normal to the surface, ρ(z).
k is the Boltzmann constant and T is the absolute temperature.
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Using the above theory one can derive an expression for the free energy of mixing
of two polymer layers (assuming a uniform segment density distribution in each layer)
surrounding two spherical particles as a function of the separationdistancehbetween
the particles. The expression for Gmix is [5],

Gmix
kT

= (2V2
2

V1
)ν22(12 − χ)(δ − h

2
)2(3R + 2δ + h

2
). (13.5)

k is the Boltzmann constant, T is the absolute temperature, V2 is the molar volume
of polymer, V1 is the molar volume of solvent and ν2 is the number of polymer chains
per unit area.

The sign of Gmix depends on the value of the Flory–Huggins interaction parameter
χ: if χ < 0.5, Gmix is positive and the interaction is repulsive; if χ > 0.5, Gmix is negative
and the interaction is attractive; if χ = 0.5, Gmix = 0 and this defines the θ-condition.

13.2.2 Elastic interaction Gel

This arises from the loss in configurational entropy of the chains on the approach of
a second particle. As a result of this approach, the volume available for the chains
becomes restricted, resulting in loss of the number of configurations. This can be il-
lustrated by considering a simple molecule, represented by a rod that rotates freely in
a hemisphere across a surface (Fig. 13.3).

No. of configurations
Ω(∞)

h(∞)

h

No. of configurations
Ω(h)

Volume
 lost

Fig. 13.3: Schematic representation of configurational entropy loss on approach of a second particle.

When the two surfaces are separated by an infinite distance, ∞, the number of con-
figurations of the rod is Ω(∞), which is proportional to the volume of the hemisphere.
When a second particle approaches to a distance h such that it cuts the hemisphere
(losing some volume), the volume available to the chains is reduced and the number
of configurations becomeΩ(h)which is less thanΩ(∞). For twoflat plates,Gel is given
by the following expression [6],

Gel
kT

= −2ν2 ln[ Ω(h)
Ω(∞)] = −2ν2Rel(h), (13.6)
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where Rel(h) is a geometric function whose form depends on the segment density dis-
tribution. It should be stressed that Gel is always positive and could play a major role
in steric stabilization. It becomes very strong when the separation distance between
the particles becomes comparable to the adsorbed layer thickness δ.

13.2.3 Total energy of interaction

Combining Gmix and Gel with GA gives the total energy of interaction GT (assuming
there is no contribution from any residual electrostatic interaction) [7], i.e.,

GT = Gmix + Gel + GA. (13.7)

A schematic representation of the variation of Gmix, Gel, GA and GT with surface-
surface separation distance h is shown in Fig. 13.4.

δ 2δ

GmixGel

GA

GT

G

h

Gmin

Fig. 13.4: Energy–distance curves for sterically
stabilized systems.

Gmix increases very sharplywith decreasing h, when h < 2δ. Gel increases very sharply
with decreasing h, when h < δ. GT versus h shows aminimum, Gmin, at separation dis-
tances comparable to 2δ. When h < 2δ, GT shows a rapid increase with decreasing h.
The depth of the minimum depends on the Hamaker constant A, the particle radius R
and adsorbed layer thickness δ. Gmin increases with increasing A and R. At a given A
and R,Gmin increaseswith decreasing δ (i.e. with decreasingmolecularweight,Mw, of
the stabilizer). This is illustrated in Fig. 13.5 which shows the energy–distance curves
as a function of δ/R. The larger the value of δ/R, the smaller the value of Gmin. In
this case the system may approach thermodynamic stability as is the case with nano-
dispersions.
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Increasing δ/R

hGmin

GT

Fig. 13.5: Variation of Gmin with δ/R.

13.2.4 Criteria for effective steric stabilization

(i) The particles should be completely covered by the polymer (the amount of poly-
mer should correspond to the plateau value). Any bare patches may cause floccu-
lation either by vanderWaals attraction (between the bare patches) or by bridging
flocculation (whereby a polymer molecule will become simultaneously adsorbed
on two or more particles).

(ii) Thepolymer shouldbe strongly “anchored” to theparticle surfaces, to prevent any
displacement during particle approach. This is particularly important for concen-
trated suspensions. For this purpose A–B, A–B–A block and BAn graft copolymers
are the most suitable where the chain B is chosen to be highly insoluble in the
medium and has a strong affinity to the surface. Examples of B groups for hydro-
phobic particles in aqueous media are polystyrene and polymethylmethacrylate.

(iii) The stabilizing chain A should be highly soluble in the medium and strongly sol-
vated by its molecules. Examples of A chains in aqueous media are poly(ethylene
oxide) and poly(vinyl alcohol).

(iv) δ should be sufficiently large (> 5 nm) to prevent weak flocculation.

13.3 Measurement of steric repulsion between adsorbed layers
of polymeric surfactants

Two techniques can be applied for direct measurement of interaction forces between
macroscopic bodies containing adsorbed layers of polymeric surfactants and these are
summarized below.

13.3.1 Surface force methods

In this method, the energy E(D)-distance curves for adsorbed layers of polymeric
surfactants (that are physically adsorbed on smooth mica sheets) are obtained using
the surface force apparatus originally described by Israelachvili [8–11]. It consists of
measuring the forces between mica sheets with molecularly smooth surfaces with a
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cross cylinder geometry. The mica sheets are partially silvered on the reverse side so
that light interferometry can be used to measure the surface separation. The force
between the surfaces is measured by monitoring the displacement of a leaf spring
to which one of the sheets is attached. Initially measurements are made in the pres-
ence of electrolyte solution (10−2 mol dm−3 KNO3) and then in the same electrolyte
solution but with the mica sheets containing the adsorbed layers. In this manner
one can subtract the double layer interaction from the total interaction to obtain the
contribution from steric interaction. For this purpose a graft copolymer consisting
of poly(methylmethacrylate) backbone to which several poly(ethylene oxide) are
grafted, i.e. PMMA/MA(PEO)n, is used.

The forces between the mica surfaces F(D) bearing the copolymer layers are
converted to the interaction potential energy E(D) between flat surfaces using the
Deryaguin approximation for cross cylinders [11],

E(D) = F(D)
2πa

, (13.8)

where D is the surface separation distance and a is the cylinder radius. Fig. 13.6
shows the energy–distance curve for mica sheets covered by the graft copolymer
PMMA/MA(PEO)n. The figure shows a monotonic and approximately exponential de-
crease of E(D) with increasing separation distance D. The exponential decay makes
it difficult to assess precisely the point at which the interaction begins. It falls below
the detection limit of the instrument at ≈ 25 nm.

The energy of interaction between polymer layers can be calculated using de
Gennes scaling theory [12],

E(D) = βkT
s3

[ (2L)2.25
1.25(D)1.25 + D1.75

1.75(2L)0.75 ] − [ 2L
1.25

+ 2L
1.75

], (13.9)

Distance D/nm
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1st decompression

2nd decompression
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using Eq. 2
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Fig. 13.6: Interaction energy E(D) versus separation distance D.
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where L is the stabilizer thickness on each surface (taken to be 12.5 nm, i.e. half the
separation distance D at which E(D) begins to increase with a further decrease in D).
S is the distance between side chains, k is the Boltzmann constant and T is the ab-
solute temperature The solid line in Fig. 13.6 shows the theoretical calculations based
on equation (13.9). Agreement between theory and experiment is satisfactory.

The high frequency modulus of latex dispersions containing adsorbed layers of
PMMA/MA(PEO)n graft copolymer was also measured. For this purpose latex disper-
sions were prepared using surfactant-free emulsion polymerization. The particle di-
ameterwas 330 ± 9 nm. Latex dispersions containing adsorbedPMMA/MA(PEO)n graft
copolymer were prepared at various latex volume fractions.

The storage modulus G󸀠 of each dispersion was determined at low amplitudes
(within the linear viscoelastic region) as a function of frequency. Thesemeasurements
were obtained using dynamic (oscillatory) techniques (see Chapter 1, Vol. 2). A plot
of G󸀠 versus frequency ω (rad s−1) allows one to obtain the plateau value G󸀠∞ , i.e. the
high frequency modulus which can be related to potential of mean force V(R) as is
illustrated below.

The relationship between G∞ and V(R) is given by the following expression
[13–15],

G󸀠∞ = NkT + 2πN2

15

∞

∫
0

g(R) d
dr

[R4(dV(R)
dR

)]dR. (13.10)

N is the number density of particles and g(R) is the radius distribution function. The
assumption made in the derivation of the above expression that the particle interac-
tions involve only central pair-wise additive potentials applies if the particles slip over
each other without contact friction. Both short-range and long-range order have been
observed in dispersions of monodisperse particles and it is likely that at least short-
range order is retained where the system is under oscillatory shear with a low strain
amplitude. If within the short-range domain a perfect lattice arrangement exists and
g(R) can be represented by a delta function centered at the nearest neighbour spacing,
Evans and Lips showed that under these conditions, equation (13.10) reduces to [15],

G󸀠∞ = NkT + ϕmn
5πR2

[4dV(R)
dR

+ R
d2V(R)
dR2

], (13.11)

where ϕm is the maximum packing fraction and n is the coordination number. Equa-
tion (13.8) can be expressed in terms of interaction force F,

F = −dV(R)
dR

. (13.12)

The data of Fig. 13.6 are given as interaction energy between flat plates. They can be
converted to the force between two spheres E(D) using the Deryaguin approximation.
This leads to the following expression for G󸀠∞,

G󸀠∞ = NkT − ϕmna
5R2

[4E(D) + R
dE(D)
dD

]. (13.13)
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Fig. 13.7: G󸀠∞ versus ϕ.

Using equation (13.9) for E(D) and assuming a reasonable value for L (12.5 nm) and
β (7 × 10−3, the value giving the best fit to equation (13.9)), it is possible to calculate
G󸀠∞ as a function of the volume fraction ϕ of the latex from the energy–distance curve.
The results of these calculations are shown in Fig. 13.7 together of themeasured values
of G󸀠∞.

It can be seen from Fig. 13.7 that the form of G󸀠∞ versus ϕ is correctly predicted.
However, the calculatedmoduli values are about two orders ofmagnitude higher than
the experimental values when the correct numerical prefactor β in the de Gennes ex-
pression has been used. By adjusting this numerical prefactor (solid line of Fig. 13.7)
agreement between theoretical and experimental values of G󸀠∞ may be obtained.

13.3.2 Atomic Force Microscopy (AFM) measurements

In this case, the force between hydrophobic glass spheres and hydrophobic glass
plate, both containing an adsorbed polymeric surfactant layer; is measured as a
function of distance of separation both in water and in the presence of various elec-
trolyte concentrations. The AFM is capable of measuring picoNewton surface forces
at nanometre length scales. The interaction between glass spheres that were attached
to the AFM cantilever and glass plates (both hydrophobized using dichlorodimethyl-
silane) and containing adsorbed layers of a graft copolymer of hydrophobically modi-
fied inulin (INUTEC® SP1, see Chapter 11) wasmeasured as a function of INUTEC® SP1
concentration in water and at various Na2SO4 concentrations [16].

Measurements were initially carried out as a function of time (2, 5 and 24 hours)
at 2 × 10−4 mol dm−3 INUTEC® SP1. The force–separation distance curves showed
that after 2 and 5 hours equilibration time, the curve showed some residual attrac-
tion on withdrawal. By increasing the equilibration time (24 hours) this residual at-
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traction on withdrawal disappeared and the approach and withdrawal curves were
very close, indicating full coverage of the surfaces with polymer within this time. All
subsequentmeasurements were carried out after 24 hours to ensure complete adsorp-
tion. Measurements were carried out at 5 different concentrations of INUTEC® SP1:
6.6 × 10−6, 1 × 10−5, 6 × 10−5, 1.6 × 10−4 and 2 × 10−4 mol dm−3. At concentrations
< 1.6 × 10−4 mol dm−3 the withdrawal curve showed some residual attraction as is il-
lustrated in Fig. 13.8 for 6 × 10−5 mol dm−3. At concentrations > 1.6 × 10−4 mol dm−3

the approach and withdrawal curves were very close to each other as is illustrated
in Fig. 13.9 for 2 × 10−4 mol dm−3. These results indicate full coverage of the surfaces
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Fig. 13.8: Force–distance curves at 6 × 10−5 mol dm−3 INUTEC® SP1.

0 20

0.1

0.12

0.08

0.06

0.04

0.02

0

–0.02

–0.04
40 60

h/nm

F/
2π

r (
μN

/m
)

Approach

Withdrawal

Fig. 13.9: Force–distance curves at 2 × 10−4 mol dm−3 INUTEC® SP1.
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by the polymer when the INUTEC® SP1 concentration becomes equal or higher than
1.6 × 10−4 mol dm−3. The results at full coverage give an adsorbed layer thickness of
the order of 9 nm,which indicates strong hydration of the loops and tails of inulin [17].

Several investigations of the stability of emulsions and suspensions stabilized
using INUTEC® SP1 showed absence of flocculation in the presence of high elec-
trolyte concentrations (up to 4mol dm−3 NaCl and 1.5mol dm−3 MgSO4) [17]. This high
stability in the presence of high electrolyte concentrations is attributed to the strong
hydrationof inulin (polyfructose) loops and tails. This stronghydrationwas confirmed
by measuring the cloud point of inulin in the presence of such high electrolyte con-
centrations (the cloud point exceeded 100 °C up to 4mol dm−3 NaCl and 1.0mol dm−3

MgSO4). Evidence of such strong repulsion was obtained from the force-distance
curves in the presence of different concentrations of Na2SO4 as shown in Fig. 13.10.
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Fig. 13.10: Force–distance curves for hydrophobized glass surfaces containing adsorbed
INUTEC® SP1 at various Na2SO4 concentrations.

The force–distance curves clearly show that the interaction remains repulsive up to
the highest Na2SO4 concentration (1.5mol dm−3) studied. The adsorbed layer thick-
ness decreases from approximately 9 nm at 0.3mol dm−3 to about 3 nm at 1.5mol dm−3

Na2SO4. This reduction in hydrodynamic thickness in the presence of high electrolyte
concentrations is probably due to the change in the conformation of polyfructose
loops and tails. It is highly unlikely that dehydration of the chains occurs since cloud
point measurements have shown the absence of any cloud point up to 100 °C. Even at
such low adsorbed layer thickness, strong repulsive interaction is observed indicating
a high elastic repulsive term.
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The interaction between INUTEC® SP1 adsorbed layers was investigated using
rheological measurements. Steady state shear stress–shear rate curves (see Chapter 1,
Vol. 2) were obtained at various volume fractions ϕ of polystyrene latex (PS) disper-
sions (in the range ϕ = 0.1–0.42) that contained adsorbed layers of INUTEC® SP1.
The results showed a shear thinning behaviour with the viscosity decreasing with ap-
plied shear rate and eventually reaching a plateau valuewhen the shear rate exceeded
100 s−1. Fig. 13.11 shows the variation of the relative viscosity ηr (measured at a shear
rate of 1000 s−1) as a function of the latex core volume fraction ϕ (with particle radius
of 161 nm). It can be clearly seen that ηr increases gradually with increasing ϕ, but
when the latter increases above 0.3 there is a rapid increase of ηr with any further
increase of ϕ. This trend is typical for concentrated dispersions.

0
0 0.2 0.4 0.6

20

40

30

10

50

60

ϕ

ƞr
Experimental Dougherty  

Krieger
[ƞ] = 2.5

Fig. 13.11: Variation of ηr with core volume fraction of latex.

The ηr–ϕ curve was calculated on the basis of Dougherty–Krieger equation [18],

ηr = [1 − ϕ
ϕp

]−[η]ϕp

. (13.14)

[η] is the intrinsic viscosity and was taken to be equal to 2.5 (for hard spheres) and
ϕp was obtained from a plot of 1/(ηr)1/2 versus ϕ (straight lines were obtained) and
extrapolation of the results to 1/(ηr)1/2 = 0. This gave a value of ϕp = 0.51 for PS latex
dispersions containing adsorbed INUTEC® SP1 layers.

It can be seen from Fig. 13.11 that themeasured viscosity of the latex dispersions is
significantly higher than the value calculated using the Dougherty–Krieger equation.
This is due to the presence of adsorbed polymer layers on the latex particles.
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From the measured ηr values one can obtain the effective volume fraction ϕeff of
the latex dispersion, which can be used to obtain the adsorbed layer thickness δ,

ϕeff = ϕ[1 + ( δ
R
)]3. (13.15)

This gave a value of δ = 9.6 nm, which is close to the value obtained using the AFM
measurements, again indicating the strong hydration of the polyfructose loops and
tails.

Dynamic (oscillatory) measurements (see Chapter 1, Vol. 2) were obtained at var-
ious volume fractions (ϕ = 0.1–0.42) of PS latex dispersions containing adsorbed
layers of INUTEC® SP1. Initially, the frequency was fixed at 1Hz (6.28 rad s−1) and the
storage modulus G󸀠 and the loss modulus G󸀠󸀠 were measured as a function of applied
stress (or strain) to obtain the linear viscoelastic region (where G󸀠 and G󸀠󸀠 are indepen-
dent of applied stress or strain). Measurements were then carried out as a function of
frequency (0.01–10Hz) while keeping the strain or stress in the linear region.

Fig. 13.12 shows the variation of G󸀠 and G󸀠󸀠 with ϕ (at a stress amplitude in the
linear region and frequency of 1Hz). At ϕ < 0.2, G󸀠󸀠 > G󸀠, whereas at ϕ > 0.2, G󸀠 > G󸀠󸀠

with G󸀠 = G󸀠󸀠 at ϕ = 0.2, corresponding to an effective volume fraction ϕeff of 0.24.
This low value of ϕeff indicates very strong repulsive interaction beginning at long
separation distance (long-range interaction) between the hydrated loops and tails of
polyfructose chains.
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Fig. 13.12: Variation of G󸀠 and G󸀠󸀠 (at 1 Hz) with volume fraction of PS latex containing adsorbed
INUTEC® SP1 layers.
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14 Flocculation of sterically stabilized dispersions

14.1 Introduction

Colloidal dispersions that are stabilized by adsorbed polymers or polyelectrolytes un-
dergo several flocculationmechanisms, depending on the conditions and/or addition
of othermaterials [1–3]. The flocculation canbeweak and reversiblewhen for example
the minimum in the energy–distance curves becomes deep enough (several kT units,
where k is the Boltzmann constant and T is the absolute temperature) for sufficient
attraction to occur [1–3]. As discussed in Chapter 13, the minimum depth increases as
the ratio of adsorbed layer thickness to particle radius (δ/R) becomes smaller. When
such a minimum reaches a critical value (that decreases with increasing volume frac-
tion of the dispersion), flocculation occurs, forming a weak gel with the particles or
droplets not touching each other. Such a weak gel can be fluidized by shaking the
dispersion and on removal of shear the gel structure is reformed. This phenomenon
is described as gel ↔ sol transformation and it results in thixotropy (reversible de-
crease of viscosity on application of shear and its recovery on removal of shear). In
contrast, the flocculation can be strong and irreversible when the minimum becomes
very deep. This irreversible flocculation occurs when the solvent for the chains be-
comes worse than a θ-solvent or the Flory–Huggins interaction parameter χ becomes
higher than 0.5. In this case, the free energy of mixing, Gmix, become negative and
when added to the van der Waals attraction, the net attraction becomes very large
(several 100 kT units). Another mechanism of flocculation occurs when a “free”, non-
adsorbing polymer is added to the continuous medium. This phenomenon is referred
to as depletion flocculation [1–3]. A fourth mechanism of flocculation occurs under
conditions of incomplete coverage of the particle surface by the adsorbed polymer.
Under these conditions, the polymer chain may become simultaneously adsorbed on
two or more particles. This phenomenon is referred to as bridging flocculation [1–3].
A specific type of flocculation occurs in the presence of polyelectrolytes which are
partially and strongly adsorbed on an oppositely charged surface (in the absence of
complete coverage of the surface by the polyelectrolyte chains). Under these condi-
tions the partially covered patches become attracted to the partially uncovered and
oppositely charged surfaces [1–3]. Below a description of each flocculation mecha-
nism is given.

14.2 weak (reversible) flocculation

This occurs when the thickness of the adsorbed layer is small (usually < 5 nm), partic-
ularly when the particle radius and Hamaker constant are large [1–3]. As mentioned
above, the minimum depth may become sufficiently large for flocculation to take

https://doi.org/10.1515/9783110540895-015
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place. For a given particle radius and Hamaker constant, the minimum depth can be
controlled by controlling the adsorbed layer thickness. To illustrate this, polystyrene
latex dispersions were prepared using different molar mass of partially hydrolysed
poly(vinyl acetate), to be referred to as PVA. A commercial sample of PVA (88%
hydrolysed poly(vinyl acetate), i.e. containing 12% acetate groups) was fraction-
ated into narrow molar mass ranges using gel permeation chromatography [4]. The
weight-averagemolarmass of each fractionwasdetermined frommeasurements of the
sedimentation coefficient using an ultracentrifuge [4]. The molecular dimensions in
solution were also determined from intrinsic viscosity measurements. The latter were
also used to determine the Flory–Huggins interaction parameter χ at 25, 37 and 50 °C.
The χ values obtained were 0.464, 0.478 and 0.485 at 25, 37 and 50 °C respectively,
indicating that water is a good solvent for PVA (note that χ increases slightly with
the increase in temperature due to the possible dehydration of the polymer at higher
temperature, but still χ < 0.5 at all temperatures studied). The adsorption isotherms
of the various molecular weight fractions were determined at 25 °C and the results are
shown in Fig. 14.1.

The isotherms shown in Fig. 14.1 are of the high affinity type (irreversible adsorp-
tion) and, as predicted, the plateau adsorption Γ (mgm−2) increases with increas-
ing molar mass. The hydrodynamic adsorbed layer thickness, δh, was determined us-
ing three different techniques, namely, ultracentrifugation, photon correlation spec-
troscopy and slow-speed centrifugation [5]. The results obtained using the threemeth-
ods agreed well with each other. A comparison was also made between δh and the
hydrodynamic radius Rh. A summary of the adsorption, adsorbed layer thickness and
hydrodynamic radius for the various PVA fractions is given in Tab. 14.1.
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Fig. 14.1: Adsorption isotherms of PVA with various molar mass on polystyrene latex at 25 °C [4].
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Tab. 14.1: Adsorption parameters for the various PVA fractions.

Fraction Mw Γ (mgm−2) δh (nm) Rh (nm)

Unfractionated 45000 2.79 ±0.15 22.6 ±2.6 5.5
C 67000 2.91 ±0.17 25.5 ±3.2 6.5
I 43000 2.38 ±0.10 19.7 ±2.2 5.4
L 28000 1.82 ±0.16 14.0 ±1.7 4.5
M 17000 1.47 ±0.14 9.8 ±2.4 3.6
O 8000 0.89 ±0.07 3.3 ±1.9 2.1

It can be seen from Tab. 14.1 that δh is significantly larger than 2Rh. Since the volume
occupied by the polymer chain at the surface is the same as the hydrodynamic volume
of the chain in solution, the larger value of δh may be due to some deformation of the
random coil on adsorption at the interface.

Using the above values of δh it is possible to calculate the energy–distance curves
for polystyrene latex particles containing adsorbed PVA layers of various molecular
weights, using for example the theory developed by Hesselink et al. [6]. The results of
these calculations are shown in Fig. 14.2.

It is clear that for the highmolecular weight fractions (M, L and I with molar mass
17 000, 28 000 and 43 000 respectively) δh is large (> 9.8 nm) and the energyminimum
is too small for flocculation to occur. In contrast, with PVA with molar mass 8000,
and δh ≈ 3.3 nm an appreciable attraction prevails at separation distance in the re-
gion of 2δh. In this case a weakly flocculated open structure could be produced. To
illustrate this point, dispersions stabilized with PVA of various Mw were slowly cen-
trifugedat 50 g, and the sedimentwas freeze-dried andexaminedby scanning electron
microscopy [7]. The results are shown inFig. 14.3which clearly shows the close-packed
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Fig. 14.2: Total energy of interaction versus separation distance for polystyrene latex with adsorbed
layers of PVA of various molecular weights.
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(a) (b)

(c)
1 µ

Fig. 14.3: Scanning electron micrographs of polystyrene sediments stabilized with PVA fractions:
(a) Mw = 43000; (b) Mw = 28000; (c) Mw = 8000.

sediment (absence of flocculation) with the highmolarmass fractions C and L and the
weakly flocculated open structure obtained with the low molar mass fraction O.

The minimum depth required for causing weak flocculation depends on the vol-
ume fraction of the suspension. The higher the volume fraction, the lower the mini-
mumdepth required forweakflocculation. This canbeunderstood if one considers the
free energy of flocculation that consists of two terms, an energy term determined by
the depth of theminimum (Gmin) and an entropy term that is determined by reduction
in configurational entropy on aggregation of particles,

∆Gflocc = ∆Hflocc − T∆Sflocc. (14.1)

With dilute suspensions, the entropy loss on flocculation is larger than with concen-
trated suspensions. Hence for flocculation of a dilute suspension, a higher energy
minimum is required when compared to the case with concentrated suspensions.
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The above flocculation is weak and reversible, i.e. on shaking the container redis-
persion of the suspension occurs. On standing, the dispersed particles aggregate to
form aweak “gel”. As mentioned above, this process (referred to as sol↔ gel transfor-
mation) leads to reversible time dependence of viscosity (thixotropy) [8].

On shearing the suspension, the viscosity decreases and when the shear is re-
moved, the viscosity is recovered. This phenomenon is applied in paints. On applica-
tion of the paint (by a brush or roller), the gel is fluidized, allowing uniform coating
of the paint. When shearing is stopped, the paint film recovers its viscosity and this
avoids any dripping [9].

14.3 Incipient flocculation

This occurs when the solvency of the medium is reduced to become worse than θ-
solvent (i.e. χ > 0.5). This reduction in solvency can be induced by temperature
changes [10, 11] or addition of a nonsolvent [10, 11] for the stabilizing chain. When the
solvency is reduced, the dispersion often exhibits a sharp transition from long-term
stability to fast flocculation. This process of incipient flocculation is, for example, ob-
served when a dispersion stabilized by poly(ethylene oxide) moieties is heated. Over
a few degrees temperature rise, the turbidity of the dispersion rises sharply indicating
excessive flocculation. Flocculation can also occur by the addition of a nonsolvent,
e.g. by addition of ethanol to a polymethylmethacrylate dispersion stabilized by
poly(hydroxystearic) acid in a hydrocarbon solvent [12, 13]. The critical point at which
flocculation is first observed is referred to as the critical flocculation temperature (CFT)
or critical flocculation concentration of the added nonsolvent (CFV).

An illustration of incipient flocculation is given in Fig. 14.4 where χ was increased
from <0.5 (good solvent) to > 0.5 (poor solvent). One of the characteristic features of
sterically stabilized systems, which distinguish them from electrostatically stabilized
dispersions, is the temperaturedependencyof stability. Indeed, somedispersionsfloc-
culate on heating [14, 15]; others flocculate on cooling [14, 15]. Furthermore, in some
cases dispersions can be produced which do not flocculate at any accessible temper-
ature, whilst some sterically stabilized systems have been found to flocculate both
on heating and cooling. This temperature dependency led Napper [10, 11] to describe
stability in terms of the thermodynamic processes that govern stabilization. Thus, the
temperature dependency of the Gibbs free energy of interaction (∆GR) for two steri-
cally stabilized particles or droplets is given by,

∂∆GR
∂T

= −∆SR, (14.2)

where ∆SR is the corresponding entropy change.
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Fig. 14.4: Influence of reduction in solvency on the energy–distance curves.

In passing from the stability to the instability domain, ∆GR must change sign, i.e. from
being positive to being negative. It is convenient to split ∆GR into its enthalpy and
entropy contributions,

∆GR = ∆HR − T∆SR. (14.3)

Thus the sign of ∆GR will depend on the signs and relative magnitudes of ∆HR and
∆SR as summarized in Tab. 14.2.

Tab. 14.2: Types of steric stabilization.

∆HR ∆SR ∆HR/T∆SR ∆GR Type Flocculation

+ + > 1 + Enthalpic On heating
− − < 1 + Entropic On cooling
+ − ≥ + Combined

Not accessible
+ − < + Enthalpic = Entropic

As a result of extensive investigations on model sterically stabilized dispersions, it
has been demonstrated that a strong correlation exists between the critical floccula-
tion point and the θ-point of the stabilizing moieties in free solution. As mentioned
before, the θ-point is that at which χ = 0.5, i.e. the point at which the second virial co-
efficient of the polymer chain is equal to zero. The absolute methods for determining
the θ-point include light scattering and osmotic pressure measurements. Less sound
methods for determining the θ-point depend on establishing the phase diagrams of
polymer solutions.

Using lattices with terminally-anchored polymer chains of various kinds, it has
been established that theCFT is independent of themolarmass of the chain, the size of
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the particle core and the nature of the disperse phase [12]. The CFT correlates strongly
with the θ-temperature. Similar correlations have been found between the CFV and
the θ-point [12]. However, such correlations are only obtained if the surface is fully
covered by the polymer chains. Under conditions of incomplete coverage, flocculation
occurs in dispersion media that are better than θ-solvents. This may be due to lateral
movement of the stabilizer, desorption or even bridging flocculation (see below).

The correlationbetween the critical flocculationpoint and the θ-point implies that
Gmix dominates the steric interaction. It has beenargued that the contribution fromGel
can be neglected until h < δ, i.e. the polymer layer from one particle comes into direct
contact with the second interface. With the high molar mass chains, the contribution
from GA to the total interaction is also negligible. This means that GT is approximately
equal to Gmix and it shows that χ is the main parameter controlling the stability. This
is clearly illustrated in Fig. 14.4 which shows a significant value of Gmin when χ > 0.5.

Thus by measuring the θ-point (CFT or CFV) for the polymer chains (A) in the
medium under investigation (which could be obtained from light scattering or viscos-
ity measurements) one can establish the stability conditions for a dispersion, before
its preparation. This procedure helps also in designing effective steric stabilizers such
as block and graft copolymers.

14.4 Depletion flocculation

Depletionflocculation is producedby addition of “free” nonadsorbing polymer [16]. In
this case, the polymer coils cannot approach the particles to a distance ∆ (that is deter-
mined by the radius of gyration of free polymer RG), since the reduction of entropy on
close approach of the polymer coils is not compensated by an adsorption energy. The
suspension particles will be surrounded by a depletion zone with thickness ∆. Above
a critical volume fraction of the free polymer,ϕ+p, the polymer coils are “squeezed out”
from between the particles and the depletion zones begin to interact. The interstices
between the particles are now free from polymer coils and hence an osmotic pressure
is exerted outside the particle surface (the osmotic pressure outside is higher than in
between the particles) resulting in weak flocculation [16]. A schematic representation
of depletion flocculation is shown in Fig. 14.5.

Themagnitude of the depletion attraction free energy, Gdep, is proportional to the
osmotic pressure of the polymer solution, which in turn is determined by ϕp and
molecular weight M. The range of depletion attraction is proportional to the thick-
ness of the depletion zone, ∆, which is roughly equal to the radius of gyration, RG, of
the free polymer. A simple expression for Gdep is [16],

Gdep = 2πR∆2

V1
(μ1 − μ01)(1 + 2∆

R
), (14.4)
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Fig. 14.5: Schematic representation of depletion flocculation.

where V1 is the molar volume of the solvent, μ1 is the chemical potential of the sol-
vent in the presence of free polymer with volume fraction ϕp and μ01 is the chemical
potential of the solvent in the absence of free polymer. (μ1 − μ01) is proportional to the
osmotic pressure of the polymer solution.

14.5 Bridging flocculation by polymers and polyelectrolytes

Certain long chain polymers may adsorb in such a way that different segments of the
same polymer chain are adsorbed on different particles, thus binding or “bridging”
the particles together, despite the electrical repulsion [17, 18]. With polyelectrolytes
of opposite charge to the particles, another possibility exists; the particle charge may
be partly or completely neutralized by the adsorbed polyelectrolyte, thus reducing or
eliminating the electrical repulsion and destabilizing the particles.

Effective flocculants are usually linear polymers, often of high molecular weight,
which may be nonionic, anionic or cationic in character. Ionic polymers should be
strictly referred to as polyelectrolytes. The most important properties are molecular
weight and charge density. There are several polymeric flocculants that are based on
natural products, e.g. starch and alginates, but the most commonly used flocculants
are synthetic polymers and polyelectrolytes, e.g. polyacrylamide and copolymers
of acrylamide and a suitable cationic monomer such as dimethylaminoethyl acry-
late or methacrylate. Other synthetic polymeric flocculants are poly(vinyl alcohol),
poly(ethylene oxide) (nonionic), sodium polystyrene sulphonate (anionic) and poly-
ethyleneimine (cationic).
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As mentioned above, bridging flocculation occurs because segments of a poly-
mer chain adsorb simultaneously on different particles thus linking them together.
Adsorption is an essential step and this requires favourable interaction between the
polymer segments and the particles. Several types of interactions are responsible for
adsorption that is irreversible in nature:
(i) Electrostatic interaction when a polyelectrolyte adsorbs on a surface bearing op-

positely charged ionic groups, e.g. adsorption of a cationic polyelectrolyte on a
negative oxide surface such as silica.

(ii) Hydrophobic bonding that is responsible for adsorption of nonpolar segments
on a hydrophobic surface, e.g. partially hydrolysed poly(vinyl acetate) (PVA) on
a hydrophobic surface such as polystyrene.

(iii) Hydrogen bonding, for example interaction of the amide group of polyacrylamide
with hydroxyl groups on an oxide surface.

(iv) Ion binding, as is the case of adsorption of anionic polyacrylamide on a negatively
charged surface in the presence of Ca2+.

Effective bridging flocculation requires that the adsorbed polymer extends far enough
from the particle surface to attach to other particles and that there is sufficient free
surface available for adsorption of these segments of extended chains. When excess
polymer is adsorbed, the particles can be restabilized, either because of surface sat-
uration or by steric stabilization as discussed before. This is one explanation of the
fact that an “optimumdosage” of flocculant is often found; at low concentration there
is insufficient polymer to provide adequate links and with larger amounts restabiliza-
tion may occur. A schematic picture of bridging flocculation and restabilization by
adsorbed polymer is given in Fig. 14.6.

If the fraction of particle surface covered by polymer is θ, then the fraction of un-
covered surface is (1− θ) and the successful bridging encounters between theparticles

Fig. 14.6: Schematic illustration of bridging flocculation (left) and restabilization (right)
by adsorbed polymer.
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should be proportional to θ(1 − θ), which has its maximum when θ = 0.5. This is the
well-known condition of “half-surface coverage” that has been suggested as giving the
optimum flocculation.

An important condition for bridging flocculationwith charged particles is the role
of electrolyte concentration. The latter determines the extension (“thickness”) of the
double layer which can reach values as high as 100nm (in 10−5 mol dm−5 1 : 1 elec-
trolyte such as NaCl). For bridging flocculation to occur, the adsorbed polymer must
extend far enough from the surface to a distance over which electrostatic repulsion
occurs (> 100nm in the above example).

This means that at low electrolyte concentrations quite high molecular weight
polymers are needed for bridging to occur. As the ionic strength is increased, the range
of electrical repulsion is reduced and lower molecular weight polymers should be ef-
fective.

In many practical applications, it has been found that the most effective floccu-
lants are polyelectrolytes with a charge opposite to that of the particles. In aqueous
media most particles are negatively charged, and cationic polyelectrolytes such as
polyethyleneimine are often necessary. With oppositely charged polyelectrolytes it is
likely that adsorption occurs to give a rather flat configuration of the adsorbed chain,
due to the strong electrostatic attraction between the positive ionic groups on the
polymer and the negative charged sites on the particle surface. This would proba-
bly reduce the probability of bridging contacts with other particles, especially with
fairly low molecular weight polyelectrolytes with high charge density. However, the
adsorption of a cationic polyelectrolyte on a negatively charged particle will reduce
the surface charge of the latter, and this charge neutralization could be an impor-
tant factor in destabilizing the particles. Another mechanism for destabilization has
been suggested by Gregory [18] who proposed an “electrostatic patch” model. This
applies to cases where the particles have a fairly low density of immobile charges
and the polyelectrolyte has a fairly high charge density. Under these conditions, it
is not physically possible for each surface site to be neutralized by a charged seg-
ment on the polymer chain, even though the particle may have sufficient adsorbed
polyelectrolyte to achieve overall neutrality. There are then “patches” of excess posi-
tive charge, corresponding to the adsorbedpolyelectrolyte chains (probably in a rather
flat configuration), surrounded by areas of negative charge, representing the original
particle surface. Particles which have this “patchy” or “mosaic” type of surface charge
distributionmay interact in such a way that the positive and negative “patches” come
into contact, giving quite strong attraction (although not as strong as in the case of
bridging flocculation). A schematic illustration of this type of interaction is given in
Fig. 14.7. The electrostatic patch concept (which can be regarded as another form of
“bridging”) can explain a number of features of flocculation of negatively charged
particles with positive polyelectrolytes. These include the rather small effect of in-
creasing the molecular weight and the effect of ionic strength on the breadth of the
flocculation dosage range and the rate of flocculation at optimum dosage.
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